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Abstract
Carbon dioxide concentration in the atmosphere is continuously and significantly
increasing as a consequence of the combustion of fossil fuels. Due to its abundance, lack
of toxicity and relatively low price, CO2 has become an attractive raw material for the
synthesis of chemicals and fuels. This work reports initial proof-of-concept studies on the
heterogeneous catalytic conversion of CO2 under hydrothermal conditions in the absence
of the addition of gas phase H2. Evidence for the feasibility of the transformation of
CO2 into higher hydrocarbons and oxygenates over iron-containing minerals comes from
studies on the origin of life on Earth, where the hydrothermal conditions present in the
primitive oceanic vents were mimicked.
This research focused on the investigation of the influence of different reaction
parameters involved in the hydrothermal conversion of CO2 using Fe powder as the
catalyst. The conditions explored were the CO2:H2O mole ratio, the temperature, the
solvent and the presence or absence of air in the system. The optimal parameters using Fe
powder after 4 h of reaction time were a temperature of 300 ◦C, a CO2:H2O mole ratio of
0.26 and 0.56 g of catalyst. Under these optimal conditions, Fe-based materials, zeolites,
carbons and alumina were also screened. Among them, Fe3O4 exhibited the highest CO2
conversion with a value of 13.8 %. Hence, a reaction mechanism was suggested using
this catalyst. In all cases, the major liquid product identified was methanol. Other liquid
species detected included ethanol, acetone, phenol, heptanal, 2-octanone and C5-C8
cyclic ketones among others. Gas phase products encompassed C1 and C2 hydrocarbons
and oxygenates.
The feasibility of producing valuable species from CO2 under hydrothermal
conditions has been successfully demonstrated. Specifically, the performance of
Fe-based materials in this reaction may reinforce the hypothesis of the hydrothermal
oceanic vents as a potential system for life to emerge.
iii
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Chapter 1. Introduction
1.1 Background
In the history of humanity, the 20th century saw the greatest increase in world
population and the greatest change in lifestyle with the invention of cars, among other
means of transportation, the development of engine-powered trains and ships and the
rapidly expansion of new technologies. Modern societies are thus characterised by a huge
energy consumption, based on the combustion of fossil fuels (Song, 2006). This progress
has resulted in an increase in the concentration of greenhouse gases (GHG) in the
atmosphere: carbon dioxide (CO2), nitrous oxide (N2O), methane (CH4), fluorocarbons
(CFs) and chlorofluorocarbons (CFCs) (Mikkelsen et al., 2010). Although CO2 has the
lowest global warming potential (GWP), its large concentration in the atmosphere makes
it the primary greenhouse gas (Manitoba Eco Network, 2016; EPA, 2016).
Carbon dioxide is a component naturally present on the Earth circulating among the
atmosphere, oceans, plants, soils and animals constituting the Earth’s carbon cycle (EPA,
2016). Nevertheless, the combustion of fossil fuels along with deforestation has broken
the natural balance of the carbon cycle and CO2 concentration in the atmosphere has
increased from approximately 278 ppm in ca. 1750 to 390.5 ppm in 2011 (Stocker et al.,
2013). Antrophogenic sources cause annually an excess of approximately 3.9 % of CO2
with respect to the carbon cycle (Aresta & Dibenedetto, 2007). CO2 has an estimated
lifetime from 50 to 200 years (Sankaranarayanan & Srinivasan, 2012) and its sources of
emission are usually classified into three groups: stationary sources, mobile sources and
natural sources. Examples of stationary CO2 sources are the production of electricity
in power plants based on the combustion of fossil fuels and industrial manufacturing
of commodities such as ammonia, hydrogen, iron and steel amongst others. In regard
to mobile sources, transport is the major cause of CO2 emissions. Natural sources
encompass volcano eruptions, earthquakes, animals and spontaneous forest fires amongst
other examples (Song, 2006; Jagadeesan et al., 2015).
Different strategies have been proposed to reduce CO2 emissions: use of more
efficient energy systems, use of renewable or carbon neutral energy sources, capture and
storage of CO2 (CCS) and utilisation of CO2 as a chemical feedstock (CDU) (Razali
et al., 2012). It should be underlined that these are not independent but complementary
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alternatives to address the rise in CO2 concentration. This work will focus on the use of
CO2 as a raw material, which may lead to a sustainable industry (Federsel et al., 2010).
Even in the ideal scenario that all the electricity consumed could be provided from
renewable sources, it is worth noting that approximately 95 % of organic-based chemicals
are still manufactured from non-renewable sources, i.e. hydrocarbons (Olajire, 2013).
Hence, the use of CO2 as the carbon source would be very advantageous. Moreover,
CDU represents a good opportunity to store peak excess in renewable energy production.
Indeed, the renewable source could both provide the energy necessary for the CO2
conversion process and for the generation of co-reactants, such as hydrogen (Centi et al.,
2013). Additionally, CDU presents advantages in terms of costs and public acceptance in
comparison to CCS adding value to CCS (Meylan et al., 2015). The main drawbacks of
CCS are related to its high costs and the problems associated with CO2 transport from the
capture system to the sink and with the risk of gas leakage to the atmosphere (Jacquemin
et al., 2010). Nevertheless, it is worth highlighting that CDU cannot be considered a
mitigation technique itself because of the orders of magnitude of difference between the
potential amount of carbon employed in the production of chemicals and hydrocarbons
and the amount of carbon present in the atmosphere (Centi et al., 2002).
Catalysts play a key role in CO2 transformations (Olajire, 2013). Furthermore,
catalysis is regarded as one of the pillars of green chemistry, defined by Anastas as
"the design of chemical products and processes that reduce or eliminate the use and
generation of hazardous substances" (Anastas et al., 2001). The catalysts used in these
conversion processes may enhance the selectivity and the activity reducing the production
of waste materials (Olajire, 2013). Heterogeneous catalysts are preferred due to technical
advantages such as stability, easier separation, handling and reuse in comparison to
homogeneous catalysts (Baiker, 2000).
1.2 Motivation
The main motivation of this work is to demonstrate the feasibility of the production
of useful chemicals from CO2 under hydrothermal conditions in the absence of the
addition of gas phase hydrogen. For this purpose, heterogeneous catalysts and a solvent
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such as water as a potential alternative hydrogen source are used. CO2 conversion to
higher hydrocarbons and oxygenates has been studied in the absence of H2 gas phase in
investigations on the abiogenic origin of life on Earth. These works mimic the primitive
oceanic vents of the Earth (Berndt et al., 1996; McCollom & Seebald, 2001). However,
this project attempts to provide a more detailed approach to the topic describing the role
that the reaction conditions, the catalyst and the hydrogen source play in the reaction with
the aim of increasing the product yield and enhancing CO2 conversion.
Hydrogenation of CO2 has been widely studied in the past decades using hydrogen
as a co-reactant to make the reaction thermodynamically easier (Jacquemin et al., 2010).
However, H2 is currently produced by high energy intense processes, such as cracking of
fossil fuels and water splitting. Most of the H2 used in the chemical industry nowadays
is produced by steam methane reforming (SMR), which is an endothermic reaction
(Michalkiewicz & Koren, 2015). The high costs associated with these processes along
with the unfavourable flammability and compressibility of H2 (Centi et al., 2013) have
triggered interest to investigate the feasibility of the use of other species as co-reactants.
In this work, liquid solvents, such as water, are suggested as the hydrogen source.
In light of the importance of maintaining the sustainability of the chemical
processes, in this work the materials used as catalysts (Fe powder, Fe oxides, alumina,
zeolites and carbons) were selected based on their abundance. Therefore, their
availability and costs are favourable. According to Figure 1.1, Al and Si, main
components of zeolites, and Fe belong to the group of most abundant materials on the
Earth’s crust. In this research, Fe-based materials were the main catalysts investigated.
Fe is abundant and widespread, accounting 5 wt% of the Earth’s crust; thus it could have
a key role in the abiogenic synthesis of organic compounds for the origin of life (He et al.,
2010).
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Figure 1.1: Abundance of elements of the periodic table on the Earth’s crust (Webelements, 2016).
1.3 Objectives
The specific objectives of this thesis are summarised as follows:
• To demonstrate the feasibility of producing phenol and high oxygenates such as
cyclic ketones from the reaction of CO2 and H2O using Fe powder as a catalyst.
• To investigate the role of different reaction parameters in the hydrothermal
conversion of CO2 in H2O with the aim of increasing CO2 conversion and
enhancing product selectivity. The parameters to be optimised are reaction
temperature and CO2:H2O mol ratio.
• To determine the effect of the reaction media conditions on CO2 conversion and
product yield.
• To evaluate the changes in product distribution and CO2 conversion based on the
use of different catalysts under the optimal reaction conditions.
• To characterise the catalysts tested to evaluate how their attributes affect the
performance of the reaction.
• To explore the progress of the hydrothermal conversion of CO2 with time.
• To propose a reaction mechanism for the hydrothermal reaction of CO2 and H2O.
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1.4 Thesis structure
This thesis is organised in nine chapters and eight appendices. This chapter has
introduced the problems associated with CO2 emissions and identified the potential
solutions. Moreover, the main objectives of this work are presented. The literature
review, reported in Chapter 2, focuses on CO2 utilisation, including both current uses
and potential future alternatives for the use of CO2 as an industrial feedstock. Special
emphasis is placed upon the hydrogenation of CO2. Chapter 3 describes the experimental
set up employed as well as the techniques used for the analysis of the reaction outcome
and for the characterisation of the catalysts.
Experimental results are detailed from Chapter 4 to Chapter 8. The production of
phenol and cyclic ketones, among other products, is reported in Chapter 4. Chapter 5
encompasses the attempts addressed to optimise the reaction conditions to enhance CO2
conversion and product yield. Chapter 6 compares the use of alternative solvents as a
hydrogen source to conduct the hydrothermal reaction of CO2. Furthermore, Chapter
6 investigates the effect of the addition of air to the reaction media. The differences
in product distribution and CO2 conversion values over a large range of catalysts is
investigated in Chapter 7. Moreover, the main characteristics of the catalysts employed
are also included in Chapter 7. The last experimental chapter is Chapter 8, which explores
the evolution of hydrothermal transformations of CO2 with time to propose a reaction
mechanism.
Finally, Chapter 9 presents the main conclusions of this work and provides a
compendium of suggestions for further research in this field. The appendices include
calibration curves, numerical examples of gas analysis and error calculations among other
technical information.
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2.1 Introduction
The utilisation of CO2 as an industrial feedstock has attracted great attention in the
past years due to its abundance, lack of toxicity and its relatively low price (Ma et al.,
2009). This chapter gives an overview of CO2 utilisation, emphasising the opportunities
that hydrogenation of CO2 offers.
The use of CO2 in industry can be mainly classified into two categories: (i)
applications based on the physical properties of CO2, described in Section 2.2 and (ii)
chemical uses, consisting of the utilisation of CO2 as a C1 building block, reported in
Section 2.3 (Mikkelsen et al., 2010). Moreover, the use of CO2 as a soft oxidant has also
emerged as an attractive technique for CO2 utilisation (Section 2.3.2). On the other hand,
the transformation of CO2 into organic species from the point of view of the origin of life
merits special attention since it represents the first approach conducted for the conversion
of CO2 under hydrothermal conditions (Section 2.4).
2.2 Uses of CO2 based on its physical properties
Most of the CO2 used nowadays in industrial operations comes from the effluent of
ammonia plants or from natural deposits (Beckman, 2004). Direct applications of CO2
include enhancing oil recovery, refrigerants, food production, plant growing stimulants
or the use CO2 in its supercritical state as a solvent, among others (Centi et al., 2011).
2.2.1 Applications of CO2 in the food and beverage industries
Carbon dioxide is used in beverage industry in carbonation, which consists of
the injection of CO2 into drinks (Azeredo et al., 2016). This method is responsible
for providing the sparkling appearance, astringency and refreshing aftertaste to water,
beers, soft drinks and carbonated dairy products such as yogurt or sweetened fermented
dairy drink (ACPCO2, 2016; Wright et al., 2003; Ravindra et al., 2012). The addition of
CO2 also has an antimicrobial effect; hence it enhances the shelf life of dairy products
(Ravindra et al., 2012). The amount of CO2 dissolved determines the taste perception,
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the aroma release and the microbiological stability of the carbonated products (Azeredo
et al., 2016).
Modified Atmosphere Packaging (MAP) is a technique used in the food industry
to increase the shelf life of fresh and chilled products, such as raw and cooked meats
and poultry, fish, fresh pasta, fruit, vegetables, coffee, tea and bakery products (Phillips,
1996). It works by changing the air surrounding the food in the package to another gas
or mixture of gases to decrease the rate of the natural deterioration of the product. The
selection of the gases is determined by the product, the packaging materials and storage
temperature. The main gases employed for MAP are CO2, O2 and N2. For instance, in
vegetable and fruit packaging, the percentage of O2 decreases while the percentage of
CO2 rises with respect to the ratio of these gases in air (Sandhya, 2010).
In the food industry, CO2 is also one of the gases employed in cryogenic
freezing. In addition to the antimicrobial action of CO2, cryogenic freezing is a
technique characterised by the rapid cooling achieved. Therefore, this leads to a
decrease in dehydration rates of the frozen food, enhancing its properties in comparison
to mechanical freezing systems (Mascheroni, 2012). Moreover, the use of cryogenic
freezing represents lower capital costs and also provides more flexibility to process
different products with minor changes in the system. CO2 as a cryogenic agent can act
either as dry ice, that sublimates once in contact with food, freezing it; or as liquid CO2
which evaporates immediately and freezes the products (Varzakas & Tzia, 2016).
In addition to cryogenic freezing, the use of cryogenic gases such as CO2 in food
transportation in urban areas has become an attractive alternative to traditional vapour
compression systems powered by a diesel engine. The main advantages of the cryogenic
transportation are the rapid decrease of the temperature and very low noise. Moreover,
cryogenic transportation also offers low energy consumption and energy impacts in
comparison with vapour compression systems (Tassou et al., 2016). The operation
involves spraying CO2 inside the insulated body of the truck to cool the goods while
the evaporated gas is vented out (International Institute of Refrigeration, 2016).
Although CO2 was already used as a working fluid in refrigeration systems at the
beginning of the 20th century, the introduction of freons first, and chlorofluorocarbons
(CFCs) and hydrochlorofluorocarbons (HCFCs) later, motivated the disappearance of the
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CO2 from the refrigeration cycles (Lorentzen, 1994). Nevertheless, in the past years,
due to the environmental drawbacks that CFCs and HCFCs present, CO2 has become a
natural alternative to these refrigerants due to its thermophysical properties, especially its
low critical temperature (Ge et al., 2015).
2.2.2 Use of CO2 as a cleaning agent
In industry, CO2 can be also employed as a surface cleaning agent. CO2 can act in
liquid and supercritical phase or as dry ice. Surface cleaning with dry ice can be carried
out by two different methods. The first one involves in the use of macroscopic dry ice
particles accelerated at the surface where cleaning is done based on thermo-mechanical
shock. The second alternative is based on the utilisation of smaller and less dense dry
ice particles, also called snow, which has a dual function eliminating particles via a
momentum transfer and organics via a solvent effect (Sherman, 2007).
2.2.3 Use of CO2 in fire protection
When there is a risk of fire or explosion in areas containing flammable or explosive
goods, CO2 is used to decrease the oxygen concentration in the atmosphere and, hence,
lowers the risk of accident (ACPCO2, 2016). Therefore, CO2 is also employed in fire
extinguisher systems. The extinction of the fire is caused by different phenomena and
debates still remain about which effect is predominant. On one hand, the use of CO2
reduces the oxygen concentration decreasing the flame temperature and flame speed. On
the other hand, at the same time, CO2 cools down the reaction area which also lowers
flame temperature (Hirsch et al., 2002).
2.2.4 Use of CO2 as a growth stimulant
The growth of plants under rich CO2 air atmospheres is stimulated due to an
increase in the photosynthesis rate; a phenomenon known as the CO2 fertilization effect
(Sakurai et al., 2014). The response of the plant to CO2 rich environments depends on
the species (Poorter & Navas, 2003). For instance, the enrichment of CO2 atmospheres
is used in the Netherlands to grow flowers (McKenna, 2010) and British Sugar has also
10
Chapter 2. Literature review
used this technique to grow tomatoes whose production has been replaced recently to
grow a variety of the non-psychoactive cannabis for pharmaceutical purposes (British
Sugar, 2016).
2.2.5 Utilisation of CO2 in enhanced oil recovery (EOR)
Injection of CO2 enhances oil recovery efficiency from 8 % to 16 % while at the
same time reducing greenhouse emissions, facilitating geological CO2 storage (Xing
et al., 2013; Liu et al., 2016a). This technique is commonly used around the world and
consists of the injection of CO2 in the tertiary stage of oil production (water is injected
in the first two stages) to extract the oil remaining in the reservoir. When CO2 is injected
in the oil field, it becomes supercritical and miscible with the oil. Therefore, the oil
viscosity is reduced increasing its mobility (Safi et al., 2016). It is worth mentioning
that a life cycle analysis of this technology suggested that in general, EOR resulted in a
net increase in CO2 emissions, and hence, it is not a environmentally friendly alternative
(North & Styring, 2015).
2.2.6 Applications of supercritical CO2 (scCO2)
The use of supercritical CO2 as a solvent has attracted great attention in the last
three decades due to its properties: abundance, lack of toxicity and flammability, relative
inertness and negligible surface tension. Moreover, at the end of the process it can be
recycled and reused without further purification and the product can be separated and
dried by simple expansion. Furthermore, CO2 is supercritical at relative mild conditions,
at temperatures higher than 31.1 ◦C and pressures above 73.9 bar, as is shown in Figure
2.1. Above all, the main advantage of supercritical CO2 is that it presents solvent power
and density similar to liquids while possessing gas-like transport properties (diffusivity
and viscosity) (Beckman, 2004; Passos et al., 2009; Mikkelsen et al., 2010; Knez et al.,
2014). Supercritical CO2 is used on a commercial scale in the extraction of substances
from natural materials for pharmaceutical and food purposes, in polymer processing, in
textile industries and biocatalysis (Knez et al., 2014).
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Figure 2.1: Phase diagram of CO2 (Lower, 2016).
Extraction of valuable compounds from solid matrix with scCO2 is one of the most
widely used applications of supercritical fluids (Brunner, 2005; Knez et al., 2014). This
technique presents some advantages in comparison to traditional solvent extraction such
as higher speed and efficiency, and elimination of concentration steps. Moreover, it
avoids the use of organic solvents which are environmentally harmful. Among other
gases suitable for supercritical extraction, CO2 is commonly used due to its lack of
toxicity, non-explosive characteristics and easy separation from the products (Sodeifian
et al., 2016). In the food industry this technique is extensively employed for the
decaffeination of coffee beans and black tea leaves, for the extraction of bitter flavours
(α-acids) from hops, the extraction of vanilla, pepper, paprika and ginger (Perrut, 2000;
Brunner, 2005). Other applications encompass the extraction and concentration of
essential oils, oleo-resins and other high-value flavouring materials from herbs and spices
(Brunner, 2005).
The main advantage of the use of supercritical CO2 in the processing of polymeric
materials is that it reduces the viscosity of polymers, facilitating their handling; hence,
the required process temperature decreases (Kelly et al., 2012). Supercritical CO2 can
act as a solvent, antisolvent or plasticiser for the production of foams and particles. It
is also utilised as mixing environment for polymer blending and for the production of
composite materials (Knez et al., 2014). In the production of foams, supercritical CO2 is
employed as a physical blowing agent to substitute traditional agents such as CFCs and
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HCFCs which are harmful from the environmental point of view (Tomasko et al., 2009).
In regard to particle production, the use of scCO2 offers a better control of particle size,
particle size distribution and morphology compared to traditional methods (Knez et al.,
2014).
In chemical reactions catalysed by enzymes, the use of scCO2 may cause changes
in the solubility of the reactants and products which might facilitate the progress of
the reaction (Knez et al., 2014). Other uses of supercritical CO2 encompass dying
textile materials, fabric cleaning and solvent in oxidation reactions as CO2 is in the most
oxidised state (Beckman, 2004; Knez et al., 2014).
2.3 Uses of CO2 based on its chemical properties
Although CO2 is nontoxic, abundant and relatively cheap (Sakakura et al., 2007),
its industrial applications as a C1 building unit are still limited to the synthesis of urea
and its derivatives, the production of salicylic acid through the Kolbe-Schmitt process,
the Solvay process for the synthesis of NaHCO3-Na2CO3, the production of organic
carbonates where CO2 has replaced the use of phosgene (COCl2) and the synthesis of
methanol using syngas enriched with CO2 by the ICI (Imperial Chemical Industries)
process (Ma et al., 2009; Aresta et al., 2013). It is worth noting that the synthesis of
urea, salycilic acid and the Solvay processes were developed between the end of the 19th
century and the beginning of the 20th century and consist of thermal reactions conducted
at temperatures lower than 200 ◦C. On the other hand, the ICI process and the synthesis
of carbonates are catalytic processes established at the second half of the 20th century
(Aresta et al., 2013). Due to the low reactivity of CO2, nowadays CO is still mostly used
in industry as a C1 building block, regardless its toxicity (Ma et al., 2009).
2.3.1 Properties of CO2 as a reactant
Carbon dioxide is a linear molecule which stays in gas phase at room temperature.
Due to its linearity, it is apolar although it contains two C-O bonds (Aresta &
Dibenedetto, 2007). CO2 is a very thermodynamically stable molecule with a free energy
of formation of -390 kJ/mol (Jagadeesan et al., 2015). This value is, with the exception
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of carbonates, lower than that of most target potential products of CO2 transformations,
as is shown in Figure 2.2.
5.3. Thermodynamic considerations of CO2 conversion
Fig. 6 illustrates the thermodynamics of CO2 conversion,
where Gibbs free energy of CO2 and related substances are
shown along with CO2. The data for plotting Fig. 6 were taken
mainly from comprehensive chemical handbooks [54,56]. CO2
is a highly stable molecule. Consequently a substantial input of
energy, effective reaction conditions, and often active catalysts,
are necessary for chemical conversion of CO2. In other words,
many reactions for CO2 conversion involve positive change in
enthalpy, DH, and thus they are endothermic.
However, it should be pointed out that the chemical reactions
are driven by the difference in Gibbs free energy between the
products and reactants at certain conditions, as shown by the
equation below.
DG ¼ DH  TDS (1)
It is true that endothermic reactions consume energy.
However, endothermic reactions can be feasible and indeed
useful. There appears to be some perceptions by many people
that CO2 conversion would be so endothermic that its
conversion would not be feasible. There are many large-scale
industrial manufacturing plants that are operated based on
endothermic reactions in the chemical industry, and these
include pyrolysis (thermal cracking) of hydrocarbons for
manufacture of ethylene and propylene, dehydrogenation
reaction for manufacture of petrochemicals such as styrene
from ethylbenzene, and steam reforming of hydrocarbons for
producing synthesis gas and hydrogen.
A simple comparison between steam reforming (Eq. (2))
and CO2 reforming of CH4 (Eq. (3)) can illustrate this
point. Steam reforming is already used in large scale in the
gas industries and fertilizer industries worldwide. Both
reactions are endothermic that require over 200 kJ of
energy input per mole of CH4, but CO2 reforming requires
about 20% more energy input compared to steam
reforming. The two reactions give synthesis gas products
with different H2/CO molar ratios; both are useful for
certain applications.
CH4þH2O ¼ CO ðgÞ þ 3H2 ðgÞ;
DH ¼ þ 206:3 kJ=molCO2 (2)
CH4þCO2¼ 2CO ðgÞ þ 2H2O ðgÞ;
DH ¼ þ 247:3 kJ=molCO2 (3)
C. Song / Catalysis Today 115 (2006) 2–3210
Fig. 6. Thermodynamic considerations for CO2 conversion and utilization involving co-reactants (modified after [47]).
Fig. 5. Scope of chemical processes for CO2 conversion (modified after [47]).
Figure 2.2: Gibbs free energy of formation for CO2 and other compounds involved in CO2
transformations either as co-reactants or products (Song, 2006).
The C=O bond in CO2 is very strong, with a distance ca. 1.16 Å while in other
compounds it is longer, i.e. the C=O bond in acetic acid is 1.23 Å long (Jagadeesan
et al., 2015). It is worth mentioning that CO2 transformations require high energy inputs
to dissociate these stable C=O bonds (Jacquemin et al., 2010). Moreover, the main
disadvantage of the use of CO2 as a raw material is its low energy level due to the fact
that the C is in its most oxidised state. However, notwithstanding these drawbacks, CO2
can act as a soft oxidant. Furthermore, there are several strategies to convert CO2 into
useful chemicals (Sakakura et al., 2007; Mikkelsen et al., 2010):
• To supply light or electricity to carry out the transformations.
• To use co-reactants with higher Gibbs energy to favour the reaction from the
thermodynamic point of view (Jacquemin et al., 2010), i.e. hydrogen, unsaturated
compounds, organometallics and small-membered ring compounds. An example
of the importance of the addition of a high energetic co-reactant is the production
of CO from CO2. This conversion has a enthalpy of reaction of +293 kJ/mol in
the absence of co-reactant (Equation 2.1). However, the entalphy of reaction is
reduced to +51 kJ/mol when H2 is added (Equation 2.2) (Olajire, 2013).
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• To select target products based on their favourable energetic characteristics.
• To shift the equilibrium reactions to the product side by the removal of specific
compounds.
CO2 → CO + 1
2
O2 ∆H
◦
f = +293 kJ/mol (2.1)
CO2 + H2 → CO + H2O ∆H◦f = +51 kJ/mol (2.2)
It is beyond the scope of this literature review to give an in-depth description of the
current state of the art of all the alternatives proposed above. Therefore, the following
sections will briefly report the main characteristics of the use of CO2 as a soft oxidant, as
well as the potential that light or electricity have for its conversion. Special emphasis has
been placed on the use of H2 as co-reactant to reduce CO2 via heterogeneous catalysis.
2.3.2 Use of CO2 as a soft oxidant
The oxidising power of CO2 has been investigated in oxidative dehydrogenation of
ethylbenzene to styrene (Chang et al., 2003; Zhang et al., 2015; Kainthla et al., 2015),
ethane to ethylene (Mimura et al., 2002; Baidya et al., 2011), 1-butene to 1,3-butadiene
(Yan et al., 2015), n-butane to C4 olefins (Raju et al., 2012) and in the oxidative
dehydrogenation of methanol to produce acrylonitrile using acetonitrile as a reactant (Hur
et al., 2000), for instance.
The use of CO2 as a soft oxidant presents several advantages in comparison to
other oxidants such as O2 and H2O vapor (Ansari & Park, 2012). CO2 dilutes light
alkanes in the dehydrogenation reaction, hence the equilibrium conversion is increased.
Furthermore, CO2 can accelerate the reaction rate and enhance product selectivity.
Moreover, CO2 can extend catalyst life time by removing the coke formed by production
of CO gas according to Equation 2.3 (Mimura et al., 2002; Chang et al., 2003; Kainthla
et al., 2015). Coke can also block non-selective sites by poisoning them. The presence
of CO2 in the reaction media may facilitate the removal of heat, avoiding the formation
of hot spots on the catalyst surface (Xue et al., 2001). The use of CO2, unlike to O2, has
the advantage of the suppression of the total oxidation. In addition, it reduces the risk
of explosion and, therefore, it strengthens the safety of the process (Chang et al., 2003;
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Nederlof et al., 2012).
CO2 + C→ 2CO (2.3)
2.3.3 Electrochemical conversion of CO2
Electrochemical reduction of CO2, also called artificial photosynthesis, consists of
the transformation of CO2 into its reduced forms by the supply of electrical energy to
establish a potential between the negatively charged cathode and the positively charged
anode (Albo et al., 2015a; Kauffman et al., 2015). CO2 reduction can essentially occur
through two-, four-, six- and eight-electron reduction pathways in gaseous, aqueous and
non-aqueous phases (Albo et al., 2015a). In a typical system, CO2 and protons are
converted into products at the cathode, while H2O is oxidised at the anode (Kauffman
et al., 2015). In this technique, CO2 electrochemical conversion is controlled by
adjustment of the applied potential (Kumar et al., 2016).
Electrochemical reduction of CO2 can be used for the storage of intermittent and
uncontrollable renewable energy such as wind, solar or tidal power in the form of
chemical compounds (Kumar et al., 2016; Zhu & Shao, 2016). Furthermore, these
systems can operate at ambient conditions and present a suitable scalability and a
reasonably high reaction rate (Sarfraz et al., 2016).
Carbon dioxide electrochemical conversions can be divided into several groups
depending on the conversion mechanism, the structure of devices and the catalyst
employed: (i) heterogeneous electrochemical catalysis, using solid catalysts; (ii)
homogeneous molecular catalysis using, i.e., metal complexes; (iii) photoelectrochemical
and (iv) bioelectrochemical utilising enzymes (Zhu & Shao, 2016). To make the
electrochemical reduction a cost-effective process, selected heterogeneous catalysts may
offer high selectivity and high activity towards the desired product and high stability
under reaction conditions (Karamad et al., 2015). Cu, Ag, Au and Zn are metallic
catalysts suitable for the electrochemical reduction of CO2 (Rosen et al., 2015).
The main products obtained by electrochemical reduction of CO2 are: carbon
monoxide, formic acid or formate, oxalic acid or oxalate, formaldehyde, methanol,
methane, ethylene and ethanol, among others (Qiao et al., 2014).
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2.3.4 Photochemical conversion of CO2
Photocatalytic reduction of CO2 is inspired by plant photosynthesis and involves
the conversion of CO2 to C1 and C2 products by light-induced reactions. Hence, these
transformations also belong to the field of so-called artificial photosynthesis (Indrakanti
et al., 2009; Su et al., 2016).
Visible and ultraviolet light with a wavelength between 200 nm and 900 nm
cannot be absorbed by CO2, thus appropriate photocatalysts are required, such as metal
complexes or semiconductors (Indrakanti et al., 2009; Su et al., 2016). Although metal
complexes present comparatively higher yields, semiconductors are preferred since in
metal complex photoreduction the photocatalyst needs to be regenerated by a sacrificial
electron donor (Indrakanti et al., 2009). Metal oxides including TiO2, ZnO, ZrO, WO3
and CdO and metal sulfides such as CdS and ZnS are the most widely studied materials
as semiconductors. However, other materials such as graphitic carbon nitride, carbon
nanotubes, graphene oxide, plasmonic nanoparticles and metal-organic frameworks have
also been explored (Marszewski et al., 2015; Su et al., 2016).
Photocatalysis exhibits several advantages such as the mild conditions required and
the low energy input, particularly when solar energy or other light sources easily obtained
are used (Usubharatana et al., 2006). The photocatalytic process over a semiconductor
can be summarised in the follow steps (Tu et al., 2014; Marszewski et al., 2015):
1. Carbon dioxide is adsorbed on the photocatalyst surface.
2. An electron in the photocatalyst is excited by radiation from the valence band (VB)
to the conduction band (CB).
3. A positive charge is generated in the VB called "hole".
4. The electron and the hole travel through the photocatalyst to reach the surface.
5. In the surface, the electron reduces the adsorbed CO2 and the hole undergoes a
charge-balancing oxidation reaction, i.e. oxidation of H2O.
6. The products formed are desorbed from the photocatalyst surface.
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Among the potential reducing agents such as H2, S2−, SO32− and amines, H2O
is the preferred candidate owing to its lack of toxicity, effectiveness and abundance (Tu
et al., 2014). The major compounds produced by photochemical reduction of CO2 are
formaldehyde, formic acid, methanol and methane (Su et al., 2016). Additionally, ethanol
and ethane are also produced (Subrahmanyam et al., 1999).
2.3.5 Hydrogenation of CO2
Photocatalytic and electrocatalytic transformations of CO2 present low conversions
and, mostly, short chained products are obtained. However, CO2 hydrogenation
represents a more promising route for CO2 utilisation since higher conversions are
reported and longer chained species are produced (Dorner et al., 2010). The product
range reported during CO2 hydrogenation include methanol, hydrocarbons, esters and
ethers. The catalysts and the reaction conditions determine the products formed (Baiker,
2000; Bansode et al., 2013). In this section, the main alternatives investigated in the
hydrogenation of CO2 to different products are summarised.
2.3.5.1 Production of methanol
Among the products synthesised by CO2 hydrogenation, methanol is the most
important due to its role in the production of formaldehyde, resins, dimethyl ether, methyl
t-butyl ether, acetic acid, etc. Moreover, methanol can be used as an additive to gasoline
and also as a potential fuel without modification of internal combustion engines (Baiker,
2000; Khirsariya & Mewada, 2013; Ganesh, 2016). In addition, methanol also represents
a feasible and safe way to store energy. Indeed, unlike H2, to store methanol at room
temperature high pressure is not necessary. Furthermore, it is safer to handle. Owing to
its potential to be produced from recycled CO2 and replace oil and gas, methanol is the
base of the so called "Methanol Economy" (Olah, 2004; Ganesh, 2016).
Current industrial production of methanol involves temperatures from 200 ◦C to
300 ◦C and pressures from 50 bar to 100 bar using Cu/ZnO/Al2O3 as catalyst. Methanol
is synthesised from syngas, mainly consisting of a mixture of CO and H2 also containing
a few percent of CO2 (Baiker, 2000; Studt et al., 2013). Nevertheless, methanol can
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be formed by hydrogenation of CO2 in the absence of CO according to Equation 2.4
(Baiker, 2000). It should be noted that Cu-based catalysts are also active for the water
gas shift (WGS) reaction (Equation 2.5), transforming CO2 into CO which can be
further converted to methanol according to Equation 2.6 (Grabow & Mavrikakis, 2011).
Therefore, in literature, there is no consensus on the synthesis path of methanol from
CO2. However, nowadays the direct CO2 route (Equation 2.4) is most accepted (Chinchen
et al., 1987; Waugh, 1992; Grabow & Mavrikakis, 2011; Kunkes et al., 2015).
CO2 + 3H2 ↔ CH3OH + H2O (2.4)
CO + H2O↔ CO2 + H2 (2.5)
CO + 2H2 ↔ CH3OH (2.6)
Methanol production by CO2 hydrogenation is favoured by low reaction
temperatures and high pressures. Carbon monoxide, methane and dimethyl ether are
the most common by-products observed. The catalyst properties such as the active metal,
the support and the promoters impinge product distribution (Baiker, 2000). Different
catalysts have been explored for the synthesis of methanol. In particular, Cu-based
catalysts with a great range of supports and promoters have been extensively tested to
study their influence in methanol selectivity and CO2 conversion. Various examples of
these investigations are outlined below.
The promoter effect of K and Ba was tested on Cu/Al2O3. While Ba enhanced the
selectivity to methanol from 46.6 % in the unpromoted catalyst to 62.2 %, K promoter
was more selective to the reverse water gas shift (RWGS) reaction (Equation 2.7);
hence, the selectivity to CO reached values higher than 95 %. However, despite the
positive effect of Ba in enhancing methanol selectivity, the conversion decreased slightly
(Bansode et al., 2013). However, at lower pressures, the presence of ZnO in Cu/Al2O3
catalysts resulted in lower CO2 conversion (17.2 %) and lower methanol selectivity
(36 %) in comparison with the aforementioned Ba promoted Cu/Al2O3 catalyst (Kobl
et al., 2016).
CO2 + H2 ↔ CO + H2O ∆RH300 ◦C = +38 kJ/mol (2.7)
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Cu/ZrO2-based catalysts have also been extensively explored in CO2 hydrogenation.
Ga2O3 was selected as a Cu/ZrO2 promoter increasing methanol selectivity by a factor
of three (Fornero et al., 2015). Moreover, Cu/ZrO2 was also tested combined with
ZnO promoter (Kobl et al., 2016). Din et al. (2016) demonstrated that there was an
optimal Nb2O5 load in the preparation of Cu/ZrO2/Nb2O5 catalysts supported on carbon
nanofibres at which methanol synthesis rate was enhanced. However, independent to the
Nb2O5 load, CO2 conversion remained constant, and, moreover, it was lower than in the
unpromoted catalyst (Din et al., 2016).
Regardless of the catalyst employed, in most cases, CO2 hydrogenation was
accomplished under pressure, the catalyst was in situ pre-reduced with H2 and the amount
of H2 was two to four fold higher than CO2. However, CO2 hydrogenation to methanol
was also investigated at atmospheric pressure using non Cu-based catalysts. It was found
that at atmospheric pressure, GaPd2/SiO2 catalytic activity was higher than the activity
of the commercial Cu/ZnO/Al2O3 catalyst and the production of CO as by-product was
lower (Fiordaliso et al., 2015).
2.3.5.2 Production of hydrocarbons
It has been proposed that CO2 hydrogenation to hydrocarbons proceeds via two
steps: (i) the conversion of CO2 to CO via RWGS reaction (Equation 2.7) and (ii) the
transformation of CO into hydrocarbons via Fischer-Tropsch (FT) synthesis, as shown in
Equation 2.8 (Ding et al., 2014; Kangvansura et al., 2016; Wei et al., 2016).
(2n+ 1)H2 + nCO → CnH2n+2 + nH2O ∆RH300 ◦C = −166 kJ/mol (2.8)
FT synthesis is commonly used in industry for the conversion of CO and H2 into
hydrocarbons at high pressures and temperatures. This process has been employed since
the 1920s for the synthesis of substitute fuels (Konn et al., 2015) over Co and Fe-based
catalysts (Rodemerck et al., 2013). The composition of the initial gas mixture governs
the selection of the catalyst. Cobalt-based catalysts are adopted for CO hydrogenation
owing to their lower WGS activity compared to Fe-based catalysts. Hence, less undesired
CO2 is formed. Moreover, Co-based catalysts favour the production of long chained
products. However, in the presence of CO2, cobalt tends to produce methane (Dorner
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et al., 2010). As a consequence, in CO2 hydrogenation Fe-based catalysts are preferred
since Fe exhibits RWGS activity. Nevertheless, undoped Fe-based catalysts still show
high selectivities to by-products (Rodemerck et al., 2013; Dorner et al., 2010). Therefore,
numerous approaches have been undertaken to improve Fe-based catalytic activity in CO2
hydrogenation .
Synthesis of methane
Hydrogenation of CO2 to CH4 is known as the Sabatier reaction (Equation 2.9) and
it is used in the production of synthetic natural gas and in the purification of H2 feeds in
ammonia synthesis by the removal of trace amounts of CO2 (Park & McFarland, 2009).
Furthermore, the methanation of CO2 has attracted particular interest in the colonization
on Mars. Terrestrial H2 transported to Mars may react with Martian CO2 providing CH4
and H2O to support astronaut life (Wang & Gong, 2011).
CO2 + 4 H2 → CH4 + 2 H2O ∆G0 25 ◦C = −27 kJ/mol (2.9)
Carbon dioxide methanation was studied over Fe-based catalysts and non Fe-based
catalysts. For instance, over Ni/olivine (an iron-contained mineral) catalysts, it was
demonstrated that reaction temperature and Ni/(Ni + Fe) mole ratios determined both
CO2 conversion and product selectivity. Indeed, CO2 conversion increased from 350 ◦C
to 400 ◦C and dropped at higher temperatures. In contrast, CH4 selectivity remained
constant up to 400 ◦C and then also decreased (Wang et al., 2016).
Ni was also used as a catalyst promoter in non Fe-based catalysts coupled with K.
Rh/Al2O3 catalyst promoted with both Ni and K showed higher selectivity to CO, while
unpromoted catalyst or catalysts promoted either with Ni or K were more selective to
CH4 production (Heyl et al., 2016). Pd-Mg/SiO2 was also tested in CO2 methanation
(Park & McFarland, 2009).
Kinetic studies of the methanation of CO2 over a 12 wt% Ni/γ-Al2O3 catalyst were
conducted by Lim et al. (2016). It was observed that at PH2 < 6 bar and PCO2 < 0.2 bar,
the reaction rate increased with increasing partial pressures of H2 and CO2 while at high
PH2 and PCO2 the reaction rate was not affected by changes in the partial pressures of H2
and CO2 (Lim et al., 2016).
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It is worth noting that although CH4 is a useful product, numerous efforts have
been performed to convert CO2 to higher hydrocarbons such as C2-C4 (light) olefins due
to their applications in the production of plastics, cosmetics, polymers, detergents and
drugs (Galvis et al., 2012).
Synthesis of higher hydrocarbons: C2-C4 olefins
Modification of Fe-based catalysts is particularly relevant to tailor CO2 hydrogenation
to higher hydrocarbons. Alkali promoters can be used in these reactions to improve the
basicity of the catalyst surface. As a result, dissociative adsorption of acidic CO2 is
favoured, and this enhances the conversion and selectivity towards olefins (Ding et al.,
2014; Wei et al., 2016). A number of examples are reported below of the use of alkali
promoters and the changes caused in CO2 conversion and olefins selectivity.
Unsupported Fe has been promoted with Na, Li, Cs, Rb and K (You et al., 2013;
Wang et al., 2013). While unpromoted Fe showed a conversion of 5.6 % and no olefins
were produced, promoted catalysts enhanced both CO2 conversion and olefin selectivity.
K and Rb exhibited the best results reaching conversions of ca. 40 % and selectivities to
olefins of approximately 50 %. Specifically, the yield to C2-C4 olefins reached 10 %-12 %
(You et al., 2013). Li, Na, K and Cs promoters were also tested over Fe/ZrO2 catalyst.
The K-promoted catalyst showed the highest CO2 conversion and C2-C4 olefins yield
(Wang et al., 2013).
Not only the type of promoter but also its amount plays a crucial role in the
performance of the catalyst. Wei et al. (2016) optimised the content of Na to promote
Fe3O4 nanocatalyst. The optimal Na/Fe ratio was 1.18/100 and led to olefins selectivities
of 75 % while CO and CH4 production fell (Wei et al., 2016). Moreover, Wang et al.
(2013) also explored the effect of K promoter content in Fe/ZrO2 catalysts for the
synthesis of olefins.
In addition to promoters, catalyst supports are also critical in the production of
hydrocarbons, both in terms of catalytic activity and selectivity. They suppress the
agglomeration of the active phase and may improve the mechanical properties of the
catalyst (Ding et al., 2014). Riedel et al. (1999) investigated the effect of the support
in Fe-based catalysts for CO2 hydrogenation. They concluded that alumina was the best
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support compared to Fe/SiO2 and Fe/TiO2 which showed low chemisorption towards H2
and CO2.
Ceria was also tested as a Fe support with various morphologies at the nanoscale:
particles, rods and cubes. At a given reaction temperature, Fe/CeO2 rods showed higher
selectivity to hydrocarbons than the other supports, while Fe/CeO2 particles exhibited
the highest CO selectivity. However, at the highest temperature investigated of 390 ◦C,
Fe/CeO2 cubes yielded the largest olefin to paraffin ratio (Torrente-Murciano et al., 2016).
SiO2, Al2O3, TiO2, ZrO2, mesoporous carbon and carbon nanotubes (CNT) were
evaluated as supports for K-promoted Fe catalysts. ZrO2 showed the best results for the
conversion of CO2 to C2-C4 olefins. Amongst the carbons, CNT presented the highest
olefin selectivity (Wang et al., 2013).
Other porous materials with large pore volumes such as metal organic frameworks
(MOFs) were also explored as supports in the hydrogenation of CO2 to light olefins.
Particularly, MIL-53(Al) and ZIF-8 have been reported to be stable at temperatures higher
than 300 ◦C in the presence of steam; properties that make them suitable candidates as
catalyst supports. Fe2O3 supported over MIL-53(Al) and ZIF-8 showed higher CO2
conversion and lower selectivity to CO than Fe2O3 supported on γ-Al2O3. Fe2O3
supported on ZIF-8 produced light olefins, while MIL-53(Al) support was more selective
for the formation of methane. In the absence of support, Fe2O3 also yielded light olefins
(Hu et al., 2016).
2.3.5.3 Production of other hydrogenation products
Dimethyl ether
Dimethyl ether (DME) shows a higher cetane number (propensity of a fuel to
self-ignite) than methanol. Therefore, it is more suitable as a substitute fuel in diesel
engines (Olah et al., 2009). Moreover, DME is regarded a safer fuel than diesel
from the environmental point of view (da Silva et al., 2016). It can be produced by
dehydration of methanol over SAPO-34 and ZSM-5 zeolites (Olah et al., 2009) or by
direct hydrogenation of CO2. However, the latter process still remains at laboratory scale
(Qin et al., 2016).
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An example of a catalyst used in the direct synthesis of DME at laboratory
scale was CuO-Fe2O3/HZSM-5, which exhibited selectivities lower than 25 % and CO2
conversions lower than 15 %. The modification of this catalyst with CeO2 and ZrO2
led to DME selectivities and CO2 conversions higher than 60 % and 20 % respectively
(Zhou et al., 2016; Liu et al., 2013). Although most of the catalysts investigated in the
production of DME were Cu-based catalysts (Qin et al., 2016), non Cu catalysts such as
Pd-Pd2Ga were also explored (Oyola-Rivera et al., 2015).
In the conversion of CO2 to DME, water is formed according to RWGS reaction
(Equation 2.7) and to methanol dehydration (Equation 2.10). It should be noted that water
can alter the performance of the catalyst, since it can promote the growth of crystallites
and leaching of the elements of the catalyst (Naik et al., 2011).
2CH3OH↔ CH3OCH3 + H2O (2.10)
Ethanol
Ethanol is the raw material in the synthesis of hydrogen by steam reforming
of ethanol and also in production of hydrocarbons and oxygenates such as 1-butanol,
acetaldehyde, acetone and acetic acid, among others (Sun & Wang, 2014). Furthermore,
ethanol is regarded as an additive to conventional fuels in order to increase the octane
number and decrease the emissions of particles and CO (Atsonios et al., 2016). One of
the main routes for the industrial synthesis of ethanol is the hydration of ethene over a
solid acid catalyst. Notwithstanding the high selectivity of the process, the conversion is
very low. Hence, it is required to explore alternative paths (Inui et al., 1999).
Ethanol synthesis by direct CO2 hydrogenation (Equation 2.11) presents low
selectivity. Unlike methanol, it is suggested that the synthesis of ethanol and higher
alcohols occurs through RWGS reaction followed by CO hydrogenation (Equation 2.12)
(Li et al., 2013; Atsonios et al., 2016).
2CO2 + H2 ↔ C2H5OH + 3H2O (2.11)
2CO + 4H2 ↔ C2H5OH + H2O (2.12)
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Small amounts of ethanol and higher alcohols have been produced from CO2 over
CoMoS catalyst (Nieskens et al., 2011) and also using Cu-based catalysts; i.e. FeCuAlK
(Dagle et al., 2013) and K/Cu-Zn catalyst promoted with Fe. The amount of Fe loaded
was crucial in product distribution and CO2 conversion. Indeed, the conversion of CO2
enhanced from 25.1 % to 45.1 % when the Fe/(Cu+Zn+Fe) ratio increased from 0 to
0.273. At higher ratios, the conversion of CO2 decreased. The selectivity to alcohols
exhibited the same trend. For Fe/(Cu+Zn+Fe) ratios from 0 to 0.2, the selectivity
increased from 10.91 % to 36.67 %. Subsequently, the selectivity drops to 22.44 % at
a ratio of 0.429 (Li et al., 2013).
Formic acid
Formic acid can be produced from CO2 according to Equation 2.13 (Nguyen et al.,
2015). Nowadays, it is industrially synthesised by the carbonylation of methanol with CO
to methyl formate (HCOOCH3) followed by the hydrolysis of HCOOCH3 to formic acid
and methanol (Peng et al., 2012). Formic acid is used in the pharmaceutical, agriculture
and textile industries (Nguyen et al., 2015). Moreover, it can be adopted to storage and
transport hydrogen, which is regarded as a renewable fuel (Gunniya Hariyanandam et al.,
2016).
CO2 + H2 ↔ HCOOH ∆G◦25 ◦C = +32.9 kJ/mol (2.13)
Direct CO2 conversion to formic acid via heterogeneous catalysts shows some
drawbacks such as unfavorable reaction conditions due to the high temperature and
pressure required. Moreover, formic acid can act as an intermediate in the synthesis of
methanol and methane; therefore the chemoselectivity of a heterogeneous catalyst might
be low (Enthaler et al., 2010).
To improve thermodynamic constraints, organic and inorganic bases are usually
added to enhance conversions, such as low-molecular-weight amine NEt3 (Nguyen et al.,
2015; Preti et al., 2011). However, the materials added to the reaction media form salts,
adducts or derivatives of formic acid. Hence, downstream processes are needed for the
purification of formic acid (Wesselbaum et al., 2012). Nevertheless, a recent attempt has
been made to synthesis pure formic acid by direct CO2 hydrogenation using a PdNi alloy
(Nguyen et al., 2015).
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2.3.5.4 Comparison between CO and CO2 hydrogenation
The comparison between the CO and CO2 hydrogenation mechanism over FT
catalysts has been extensively investigated. Visconti et al. (2016) suggested that over
Co and Fe catalysts, CO acts as intermediate. Hence, CO2 and CO hydrogenation
follow the same reaction pathway. On Co-based catalysts the H/C ratio influences the
product distribution. However, on Fe catalysts the selectivity mainly depends on the
equilibrium between in situ formed iron carbides and iron oxides and reduced iron
centers. The former accomplish chain growth and are stable in the presence of CO.
On the contrary, iron oxides and reduced iron centers are formed in the absence of
CO and are responsible for the hydrogenation. The different evolution of K-promoted
100Fe/10Zn/1/Cu catalyst during CO and CO2 hydrogenation may explain the difference
in product distribution. Under CO2 atmosphere, lighter and more saturated hydrocarbons
were produced (Visconti et al., 2016).
The transformations overcome by Fe-Al-Cu-K catalysts (iron oxides, iron carbides
and metallic iron) with time during CO and CO2 hydrogenation were explored in detail
by Schulz et al. (1999) and Riedel et al. (2003). They suggested that the evolution of
catalyst under reaction conditions governed the rate of formation and selectivity of the
different products. For instance, at short reaction times, the selectivity to oxygenates was
higher since the catalyst is less carbidic at these earlier stages. Schulz et al. (1999) and
Riedel et al. (2003) identified five episodes in CO and CO2 hydrogenation, also called
transient kinetic regimes, leading to high FT activity originated by the formation of Fe
carbides. During CO hydrogenation the transitions occurred at shorter times, since the
CO required for the carburisation of Fe-based catalysts during CO2 hydrogenation is only
produced by RWGS reaction (Schulz et al., 1999; Riedel et al., 2003). It is also worth
noting that the formation of carbides is governed by the phase of the iron catalyst. Ando
et al. (2000a) concluded that when Fe3O4 is the major phase of the catalyst, the formation
of active carbide species on the surface is promoted during CO hydrogenation.
Albeit the in situ formation of Fe carbides in catalysts with low K content is not
promoted under CO2 rich atmospheres (Visconti et al., 2016), the activity of Fe carbides
in CO2 hydrogenation was also investigated. Indeed, Fiato et al. (1998) indicated that
Fe carbide generated ex situ by carburisation of Fe oxides were more selective to C2+
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products and also showed higher olefin yields in comparison with an Fe/Cu/KSi catalyst.
Moreover, Dubois et al. (1992) reported the suitability of a commercial Fe carbide (Fe3C)
in CO2 hydrogenation for the synthesis of CO, hydrocarbons such as methane, ethane and
propane and also oxygenates (CH3OH, CH3OCH3 and C2H5OH).
2.4 Hydrothermal conversion of CO2 from the point of
view of the origin of life
The modern hypothesis about the origin of life started to gain great attention at the
beginning of the 20th century. Until that time, this topic belonged to the domain of faith
rather than of the scientific knowledge (Oparin, 1976). It is believed that the formation
of the Earth-Moon system occurred ca. 4.45 to 4.5 billion of years ago after the collision
between two planets (Sleep et al., 2001). The primitive ocean arose approximately 4.4
billion years ago while primordial forms of life may have existed at least for the past 3.8
billion years (Mojzsis et al., 1996; Wilde et al., 2001).
There is no consensus about the origin of life on Earth. Agreement starts and
stops with the consideration of the formation of organic compounds as the key step for
life to emerge (Severin, 2000). The transformations of inorganic molecules into simple
organic compounds could have taken place by either photochemical (Pinto et al., 1980)
or hydrothermal reactions (Morooka et al., 2005). It was also proposed that organic
carbon could have been brought onto the Earth by comets or carbonaceous asteroid
impacts (Kasting, 1990; Delsemme, 1991). Nevertheless, these organic compounds with
extraterrestrial origin may have been formed somewhere by similar mechanisms to the
aforementioned photochemical and hydrothermal reactions (Severin, 2000).
One of the first and most famous experiments to synthesise organic compounds,
attempting to duplicate the primordial atmospheric conditions of the Earth, was
conducted by Stanley L. Miller (1953). This study was based on the hypothesis suggested
by Oparin (1938), cited in Miller (1953), that the primitive Earth atmosphere consisted
of hydrogen, methane, ammonia and water. In this work, Miller demonstrated the
formation of acids and amino acids (α-alanine, glycine, β-alanine, aspartic acid and
27
Chapter 2. Literature review
α-amino-n-butyric acid) by passing an electrical discharge through circulating H2, CH4,
NH3 and H2O.
Furthermore, in a later study, Miller (1955) defended that there were three
alternative sources of energy for the production of initial organic molecules: ultraviolet
light, electric discharge and heat. He also proposed that the simple organic species
formed in the reductive atmosphere were accumulated in the ocean where they reacted
with each other building more complex molecules (Miller, 1955). However, the low
concentration of the initial compounds in the wide oceans may have been an obstacle to
the synthesis of more complicated structures (Maurel & Décout, 1999).
Moreover, Oparin’s theory about primitive atmosphere was discarded by modern
geochemistry which proposed that the secondary atmosphere of the primitive Earth,
formed after helium and hydrogen scaped to the space, had a volcanic origin. This
atmosphere consisted mainly of carbon dioxide, nitrogen, water, sulfur dioxide and
possibly small quantities of oxygen (Rode, 1999).
2.4.1 Role of hydrothermal vents in the origin of life
In addition to the aforementioned reactions occurring in the primitive atmosphere
of the Earth, it has also been suggested that oceanic hydrothermal vents play a key role
in the origin of life since their discovery in the late 1970’s (McCollom et al., 1999).
The analysis of the water in hydrothermal vent fields confirmed the existence of
organic species. For instance, hydrogen and methane were detected in all hot-temperature
ultramafic-hosted hydrothermal vents along the Mid-Atlantic Ridge (MAR). In general,
ultramafic-hosted vents produce higher concentrations of methane and hydrogen than
basalt-hosted vents. However, analysed fluids from basalt-hosted Menez Gwen, Lucky
Strike and Piccard vents, represent an exception to this trend (Konn et al., 2015). The
geographical location of these vents is shown in Figure 2.3.
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Figure 2.3: Geographical position of hydrothermal vents according to the mineral rock composition
(Woods Hole Oceanographic Institution, 2016).
High concentrations of dissolved H2 in the vents are associated to hydrous
alterations of ultramafic rocks to produce serpentinites. The production of H2 by
serpentinization of olivine, the major mineral in most ultramafic rocks, is represented
in Equation 2.14 (Allen & Seyfried, 2003; McCollom & Bach, 2009).
Mg1.8Fe0.2SiO4
Olivine
+ 1.37H2O→ 0.5Mg3Si2O5(OH)4
Serpentine
+
+ 0.3Mg(OH)2
Brucite
+ 0.067Fe3O4
Magnetite
+ 0.0067H2
(2.14)
In addition to H2 and CH4, other organic species were detected in hydrothermal
vents fluids. In the Rainbow ultramafic hydrothermal field, on the Mid-Atlantic Ridge,
the major organic compounds detected were linear saturated hydrocarbons between 16
and 29 carbons in water samples collected at 364 ◦C (Holm & Charlou, 2001). Lower
temperatures (201 ◦C) were observed in the Calypso hydrothermal field located adjacent
to North Island, New Zeland. The analysis of this water showed the presence of N2,
O2, CO2, H2S, CH4, C2H6, C3H8, i-C4H10 and n-C4H10. It is worthy to note that the
concentration of CO2 was higher than 50 vol.% while ≥ C2 compounds concentration
was lower than 1 vol.% (Botz et al., 2002).
The surface of minerals present in hydrothermal vents may favour the concentration
of organics and, thus, subsequent reactions (Konn et al., 2015). Natural minerals
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containing iron or other transition metals can act as catalysts in the formation of
abiogenic organic matter (Horita & Berndt, 1999). However, modern hydrothermal
vents present organic species derived from biological processes. Microorganisms living
in hydrothermal vents can directly produce molecules such as CH4, H2, acetate or
CO2. Moreover, the thermal degradation of microorganisms and macroorganisms in the
marine habitat may produce building units (C, H, N and O) for the formation of organic
molecules (Konn et al., 2015). Hence, mimicking the primordial conditions of these
hydrothermal systems in laboratory experiments is essential to confirm their potential
role in the origin of life on Earth (McCollom et al., 1999).
Serpentinization of olivine, a mineral present in ultramafic rocks, has been studied
at laboratory scale to demonstrate the feasibility of producing organic compounds under
hydrothermal conditions. Berndt et al. (1996) investigated the reduction of CO2 during
the serpentinization of olivine at 300 ◦C and 500 bar over 69 days. In addition to the
production of H2 by the oxidation of Fe(II) in olivine to Fe(III) in magnetite (see Equation
2.14), Berndt et al. (1996) reported the production of hydrocarbons such as methane,
ethane, propane and an amorphous carbonaceous phase. Despite the long reaction time,
the high pressure and relatively high temperature, CO2 conversion was approximately
1 %. When the pressure for serpentinization of olivine was reduced to 350 bar, methane
was the only hydrocarbon detected. However, the reduction of CO2 to formate was
favoured under these reaction conditions (McCollom & Seebald, 2001).
The production of H2 in ultramafic rocks at harsh hydrothermal conditions,
specifically 400 ◦C and 500 bar, was also demonstrated by Allen & Seyfried (2003). In
addition to olivine, the potential of orthopyroxene and clinopyroxene for the production
of H2 by the oxidation of H2O with ferrous iron-bearing components was also tested. It
was also reported that other minerals, such as pyrrhotite (FeS), produce H2 under CO2
atmosphere by the reaction with H2S to produce pyrite (FeS2). The reaction mechanism
is specified in Equation 2.15 (Drobner et al., 1990).
FeS + H2S → Fe(SH)2
Fe(SH)2 → FeS2 + H2
(2.15)
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2.4.2 Hydrothermal CO2 conversion under relatively mild conditions
In addition to the serpentinization of ultramafic rocks, CO2 hydrothermal reactions
inspired by the origin of life have been explored at laboratory scale from a more technical
perspective, under milder conditions than those present in oceanic hydrothermal vents.
Temperature, pressure, reaction time, CO2:H2O mole ratio and the presence of other
compounds in the reaction media dictate the range of organic species synthesised.
Furthermore, the role of the catalyst is also crucial. In this type of reaction, Fe-based
materials have received notably interest as catalysts.
Hydrothermal conversion of CO2 at room temperature
Hydrocarbons are the main products obtained by the hydrothermal reaction of
CO2 at room temperature. These reactions are usually conducted for long times and,
in general, were inspired by the reduction of chlorinated compounds in groundwater
remediation. For example, 1 bar of CO2 in 15 mL of water produced, after reacting for
40 days, a mixture of methane, ethylene, ethane, propene, propane, 1-butene, butane and
1-propene with a concentration of 23 µM. However, CO2 was not the only carbon source.
Indeed, carbonaceous impurities of the commercial Fe powders employed as reductants
may have been the main carbon source for the production of these hydrocarbons (Deng
et al., 1997).
Different product distribution was found in the presence of MgSO4, CaCl2, NaCl
and NaHCO3 in distilled water acidified with HCl. Under these conditions, the reduction
of CO2 over commercial Fe materials produced methane, ethene, ethane, propene and
butenes after 144 h of reaction. After 351 days of reaction, pentenes were also detected
in low concentrations (Hardy & Gillham, 1996). On the other hand, Guan et al. (2003)
investigated the effect of a shorter reaction time of 20 h in the presence of Fe0 and
anaerobic conditions. Methane was the only hydrocarbon produced and trace amounts
of CH3OH were also detected. When K-promoted Fe0 composites were employed, the
production of CH4 and CH3OH were enhanced at the same time that C2H5OH, C3H8
and other gaseous compounds were produced (Guan et al., 2003). Methane, ethane,
ethylene and propene were also produced after 24 h in phosphate buffer at pH 4 over Fe
nanoparticles (Rusonik et al., 2003).
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Hydrothermal conversion of CO2 at higher temperatures
Higher temperatures and pressures were also investigated. Under these conditions,
oxygenates were the major products detected, although hydrocarbons were also
synthesised. Table 2.1 shows the products obtained from CO2 under different
hydrothermal conditions using Fe-based catalysts.
Table 2.1: Products of the hydrothermal conversion of CO2 at high temperatures over Fe-based catalysts.
PCO2 [bar] T [◦C] t [h] Products Source
10 350 2.5 Acetaldehyde, acetic acid,
ethanol, hexanedial* &
2-butenal*
Chen & Bahnemann
(2000)
14 200 72 Formic acid & acetic acid He et al. (2010)
14 200 72 Methane Liu et al. (2013)
NaHCO3 250 2 Formic acid Jin et al. (2011)
ScCO2** 200 2.5 Ethanol & acetic acid Chen & Qian (2001)
ScCO2** >300 2.5 Ethane, isobutane, propane,
acetaldehyde*, acetic acid*,
diphenyl ether, phenol &
ethanol*
Chen & Qian (2001)
*These compounds were detected in lower concentrations.
**ScCO2: supercritical CO2
A more complex structure, such as phenol, has also been synthesised under
hydrothermal conditions. After 10 h, phenol production reached a yield of 0.8 % (Tian
et al., 2007). A higher yield of approximately 1.21 % was found after longer reaction
times (120 h). Formaldehyde and formic acid were identified as intermediates in these
reactions (Tian et al., 2010). As aforementioned in Table 2.1, phenol was also formed in
supercritical CO2 with a yield of ca. 7.6 % (Chen & Qian, 2001).
With the exception of phenol, most of the oxygenates reported above contain
a low carbon number. However, straight-chained oxygenates with a higher carbon
content were obtained when formaldehyde was explored as an alternative carbon source.
The production of compounds such as formic acid (CH2O2), acetic acid (C2H4O2),
propionic acid (C3H6O2), methyl acetate (C3H6O2), propyl propionate (C6H12O2) and
propyl isobutyrate (C7H14O2) was confirmed (Feng et al., 2008).
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On the other hand, Fe coupled with Ni has been widely employed in the
hydrothermal conversion of CO2. Indeed, these investigations claim that the role of Fe is
limited to be a reductant while Ni act as catalyst. In these systems, Fe:Ni ratio is a critical
parameter in the progress of the reaction. For instance, Wu et al. (2009) concluded that
at 300 ◦C the optimal Fe:Ni ratio was 1:1 for the synthesis of formic acid leading to a
selectivity as high as 98 %. It is worth mentioning that, although in the absence of Ni,
formic acid was also produced, the yield was lower and decreased at temperatures higher
than 300 ◦C. Thus, formic acid may decompose at high temperatures (Wu et al., 2009).
At the same reaction temperature but longer time, Takahashi et al. (2006)
demonstrated that formic acid was an intermediate in the production of methane in the
presence of Fe and Ni powders. The main products detected were methane and hydrogen,
synthesised according to Equations 2.16-2.18. Traces of formic acid and ethane were also
detected. The production of H2 was favoured by the addition of small amounts (1 mmol)
of Ni powder. On the contrary, higher concentrations of Ni enhanced the production of
CH4. Moreover, Horita & Berndt (1999) also reported the formation of methane over an
Fe-Ni alloy.
Fe + H2O + CO2 → FeCO3 + H2 (2.16)
3FeCO3 + H2O → Fe3O4 + 3CO2 + H2 (2.17)
CO2 + 2H2O + 3Fe → CH4 + Fe3O4 (2.18)
The combinations of Ni and Fe powders has also been explored in the conversion
of CO2 under supercritical conditions. Chen et al. (2016) investigated the effect of
hydrothermal conditions at temperatures from 200 ◦C to 425 ◦C on the reduction of
NaHCO3, concluding that the production of H2 was enhanced under supercritical water
(see Figure 2.4). However, the production of formic acid was favoured at lower
temperatures, reaching the highest concentration at 275 ◦C. Moreover, at temperatures
higher than 350 ◦C, formic acid decomposed to form methane (Chen et al., 2016).
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Figure 2.4: Phase diagram of H2O (OpenStax, Chemistry. OpenStax CNX, 2016).
On the other hand, non Fe-based materials have been investigated under
hydrothermal conditions. Indeed, methanol was synthesised applying Zn or Al as a
reductant and Cu as a catalyst (Huo et al., 2012; Lyu et al., 2015). Furthermore,
continuous systems were also considered for the hydrothermal conversion of CO2,
favouring the generation of hydrocarbons, mainly methane, although ethylene, propylene
and ethane were detected too (Takahashi et al., 2008).
In addition to the catalyst, the temperature and the reaction time, the pH of the
media is another key condition. In the presence of NiS, acetic acid production was
enhanced at low and high pH. However, when a bimodal catalyst, formed by equimolar
amounts of FeS and NiS was selected, the production of acetic acid was raised at pH
between 5.5 and 8, yielding more than 40 µmol at pH 6.5 (Huber & Wächtershäuser,
1997).
2.4.3 Synthesis of amino acids in aqueous environments
Amino acids are the building blocks in the formation of peptides and proteins
(Plankensteiner et al., 2004a). Thus, abiogenic synthesis of amino acids had a major role
in the origin of life (Konn et al., 2015). Glycine and alanine, the simplest and, hence, the
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most easily formed amino acids, were synthesised in an aqueous environment at 80 ◦C
by passing electrical discharges through a mixture of CO2, N2 and H2O evaporating from
the liquid phase (Plankensteiner et al., 2004b).
Peptides were formed from α-amino acids in the presence of CO and coprecipitated
colloidal (Fe, Ni)S under hot aqueous conditions (Huber et al., 2003). Lipids were also
synthesised employing formic and oxalic acids as carbon and hydrogen sources. The
main products found were 1-alkanols, alkanoic acids, alkenes, alkanes and alkyl formate
esters. ≥ C10 components were also detected at low yields at 175 ◦C after 2 days or
3 days of reaction. It is worth underlining, that long chain alkanoic acids and alcohols are
components of the membranes of cells (McCollom et al., 1999).
2.5 Concluding remarks
Most of the organic compounds synthesised by the hydrothermal reaction
conditions described above are characterised by a low carbon number, low production
yields and in some cases, long reaction times. In the next experimental chapters, the
production of hydrocarbons and oxygenates with higher carbon number, not previously
reported such as cyclic ketones and long chained aldehydes and ketones, will be
demonstrated. Moreover, in order to optimise the reaction conditions, the role of different
parameters in the progress of the reaction, such as CO2:H2O mole ratio, temperature and
time will be described. Furthermore, the use of alternative solvents such as methanol and
isopropanol will be tested.
In line with most of the aforementioned investigations, Fe-based catalysts have a
leading role in this work. In addition to them, the performance of other materials, not
previously used for this kind of hydrothermal reactions, such as zeolites, carbons and
γ-Al2O3, will be explored to evaluate the effect of different types of active sites. It
is worth mentioning that zeolites and γ-Al2O3 are unlikely to show long-term stability
under hydrothermal conditions. It is to be highlighted, that with the exception of the
works of Tian et al. (2007), He et al. (2010) and Liu et al. (2013), the proposition of a
reaction mechanism for the conversion of CO2 under hydrothermal conditions is an issue
that has not been addressed. Thus, a reaction mechanism will be suggested.
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However, although the systematic study of the hydrothermal conversion of CO2
conducted in this work, further investigation is still required to enhance CO2 conversion
and to tailor product selectivity. Moreover, materials employed as catalysts need further
characterisation to achieve these goals.
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37
Chapter 3. Experimental set-up and analysis techniques
3.1 Introduction
This chapter is divided in two main parts. The first one describes both the
experimental set-up and methodology employed to conduct the catalytic hydrothermal
conversion of CO2. This reaction involves three phases: liquid, gas and a solid
catalyst. The techniques selected for the analysis of these phases are detailed in the
second part of this chapter. Specifically, Section 3.3 focuses on products formed in
liquid phase analysed by gas chromatography-mass spectrometry (GCMS) . Additionally,
gas products were analysed by mass spectrometry (MS). Section 3.4 describes the
theoretical background behind this technique. Finally, the methods applied in catalyst
characterisation are detailed in Section 3.5.
3.2 Experimental set-up and procedure
The hydrothermal conversion of CO2 was studied based on different parameters:
reaction temperature and CO2:H2O mole ratio (Chapter 5), media conditions (Chapter
6), catalyst type (Chapter 7) and reaction time (Chapter 8). The production of phenol
and cyclic ketones by the reaction of CO2 and H2O was also investigated (Chapter 4).
All of these experiments were conducted in the same experimental set-up described in
Section 3.2.1, applying the method detailed in Section 3.2.2. Depending on the parameter
investigated, this methodology may undergo small modifications, which are described in
the corresponding chapter.
3.2.1 Experimental set-up
The equipment employed for the reaction of CO2 under hydrothermal conditions
is represented in Figure 3.1. The reaction unit consisted of a stirred tank system
(Parker Autoclave Engineers®). The volume of the autoclave was 100 mL and it was
manufactured from Hastelloy C (Figure 3.2a). The aim of the cooling system was to avoid
overheating of the mixer engine. The vessel was heated using a heating jacket connected
to a Solo Temperature Controller model 4824, which also regulated the mixer speed. The
pressure was measured by two different devices: a MC safety gauge with a range from
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1 bar to 350 bar and a pressure transducer model PX319-3KG5V provided by Omega.
The pressure transducer operated in the range of 0 barg to approximately 207 barg. It
was connected to the electricity supply using a transformer (TENMA® T2-10480) and
the signal generated was read using a voltmeter (ISO-TECH IDM 103). According
to the manual provided by the manufacturer, 2.524 Vdc corresponded approximately to
103.5 bar. The system was protected by a ruptured disc tared at 300 bar.
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Figure 3.1: Experimental set-up used for the hydrothermal conversion of CO2.
Two pictures of the reactor employed are represented in Figure 3.2. Figure 3.2a
shows the O-ring employed to attach the vessel to the body of the reaction system. In
Table 3.1 the interior elements of the reactor are depicted corresponding to the numbering
in Figure 3.2b. The hole (item number 3) improved the gas circulation around the
impeller. The thermocouple to control the internal temperature was introduced from the
outside in the thermocouple cover (item number 4). Despite it being possible to collect
liquid samples with the reactor closed through the liquid sampling tube (item number 5),
in this work liquid samples were collected after opening the reactor.
Table 3.1: Parts of the inside of the reactor according to Figure 3.2b.
Number Item
1 Shaft
2 Impeller
3 Hole
4 Thermocouple cover
5 Liquid sampling tube
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46 mm
(a) Photo of the autoclave used in the
experimentation including the O-ring. 12.55 mm
(b) Photo of the inside part of the reactor
including the shaft and impeller.
Figure 3.2: Configuration of the reactor used in the hydrothermal conversion of CO2.
3.2.2 Experimental procedure
The procedure utilised for the hydrothermal conversion of CO2 consisted of loading
the vessel with 0.56 g of catalyst (Tian et al., 2010) and adding the selected amount
(usually 7 mL) of distilled water, hereafter named water, or other solvent such as
methanol or isopropanol. Water was generated in an Elga reservoir of 75 L. It is important
to highlight that in order to identify any dissolved organic compounds present initially in
water, chemical oxygen demand (COD) tests were conducted by PhD candidate Afifah
Abd Rahim concluding that the organic matter was negligible. In addition to COD
analysis, water samples were periodically analysed by gas chromatography confirming
the absence of organic compounds.
After charging the reactor with the catalyst and the solvent, it was pressurised
with CO2 (99.99 % purity, BOC) without further purification. CO2 was vented twice to
eliminate air present in the reactor. It is worth underlining that headspace gas phase was
analysed by mass spectrometry to confirm that air had been effectively removed after
fluxing with CO2 twice. Circa 20 min after pressurising the reactor to approximately
25 barg, the reactor was heated to the desired reaction temperature. It was crucial to
follow the evolution of the pressure during these 20 min to confirm that no leaks were
present in the system. Furthermore, when the volume of H2O was greater than 7 mL,
the addition of extra CO2 was necessary due to the moderate drop in pressure caused
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by the solubility of CO2 in H2O. The mixer was activated when the temperature was
approximately 15 ◦C to 10 ◦C lower than the target temperature with a speed of 600 rpm
(Tian et al., 2010). The reaction time was taken to commence at the time the mixer was
initialised.
After the reaction time was completed (4 h), the mixer was stopped and the reactor
was introduced in an ice bath to quench the reaction. The gas was analysed at circa 22 ◦C.
The volume of the liquid phase sample was quantified and then it was vacuum filtered.
In the production of phenol and cyclic ketones (Chapter 4) and in the optimisation of
reaction conditions (Chapter 5) samples were quantified after filtration. The catalyst
was collected and dried overnight in a furnace at approximately 110 ◦C. Reymond et al.
(1982) suggested that the exposure of the catalyst to the air present in the laboratory
atmosphere was not a serious drawback for the reliability of ex-situ bulk characterisation
of Fe-based materials.
3.3 Analysis of the liquid phase
Liquid samples were analysed by a gas chromatograph-mass spectrometer
(GCMS), model QP2010SE, manufactured by Shimadzu. It was operated by Lab
Solutions software which included the NIST MS Search version 2.0 library with mass
spectra of numerous compounds. The main characteristics of the capillary DB1-ms
column (Agilent) used are detailed in Table 3.2. The GCMS methods used for analysis
are described in each chapter. Calibration curves for liquid products are shown in
Appendix A, B, C and D. Calculations of the experimental error in the quantification
of liquid products is detailed in Appendix G. The theoretical principles behind gas
chromatography and mass spectroscopy are detailed in Section 3.3.2 and Section 3.4.1.1
respectively.
Table 3.2: Characteristics of the capillary column used for the analysis of liquid samples by GCMS.
Column model DB1-ms
Column length 59.5 m
Thickness active phase 0.25 µm
Internal diameter 0.25 mm
Maximum temperature 360 ◦C
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3.3.1 Preparation of the liquid sample
Liquid samples were prepared by adding 1 µL of 4-methyl-2-pentanol (98 % Sigma
Aldrich) used as an internal standard (IS) to 1.5 mL of sample. Although IS purity was
not 100 %, its GCMS analysis resulted in the detection of a single peak corresponding
to 4-methyl-2-pentanol. The main advantage of the addition of an internal standard is to
compensate uncontrolled changes which may occur during analysis, e.g. differences in
the volume of sample injected due to problems in syringe operation. An internal standard
should fulfill the following characteristics (Chromedia, 2015):
1. Not present in the sample
2. Easily separated from reaction products
3. Properties similar to the target products
4. High purity and available in sufficient quantity
In the present case, the internal standard selected, 4-methyl-2-pentanol, fulfilled the
characteristic numbers 1, 2 and 4. To obey characteristic 3, it would be ideal to choose
an internal standard with volatility, molecular weight and type and number of functional
groups as close as possible to the target products (Rood, 2007). Nevertheless, the liquid
phase products of the hydrothermal conversion of CO2 included a great range of species
with different volatility, molecular weight and functional groups: alcohol, carboxylic
acid and mainly ketone and aldehyde. From a theoretical point of view, a specific internal
standard should have been chosen per each product (Rood, 2007). Alternatively, a ketone
or aldehyde should have been selected as internal standard, since most of the reaction
products contained these groups. Moreover, to avoid overlapping with any reaction
product, a long-chained ketone or aldehyde should have been chosen. Therefore, this
may reduce the solubility of the internal standard in the sample, composed mainly by
water, hindering an appropiate quantification.
In this research, the main aim of the addition of an internal standard was to reduce
the error in product quantification caused by erratic variations in volume injection. The
sample was prepared immediately after filtration and maintained in ice before analysis.
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The internal standard was added into the vial after the sample because the error was lower
(see Appendix G for details).
3.3.2 Gas chromatography (GC)
Gas chromatography is an analytical technique involving in the separation of the
components of a sample based on the difference in the migration times of the species in
a GC column. The substances to be separated are distributed between a mobile and a
stationary phase (Annino & Villalobos, 1992; Levy, 2015). The main parts of a typical
modern gas chromatograph equipment are: the injection port, the column oven, the GC
column and the detector.
When the injection port operates in split mode, the sample is divided in a number
of parts equal to the split ratio selected. Therefore, only one of these parts enters the
column. Splitness mode injection is also possible in the GCMS-QP2010SE used in this
work.
3.3.2.1 Fundamentals of the separation of species by GC
The success of the separation of species by GC relies on the retention time of each
compound. Species which remain for most of the time in the mobile phase (the sample
contained in the carrier gas) will leave the column before compounds which reside most
of the time in the stationary phase (coating of the column), and thus, move more slowly
through the column. The stronger the attraction the longer the retention time, since the
component only moves through the column when it is in the mobile phase (Levy, 2015).
The retention time is defined as the time that a component needs to elute the column
(tR). Air is not retained and its retention time (tM ) depends only on the void volumne of
the column. To consider only the interactions between the component and the column, an
adjusted retention time (t′R) is defined according to Equation 3.1 (Annino & Villalobos,
1992).
t
′
R = tR − tM (3.1)
The tendency of a compound to be attracted in the stationary phase is given by
the distribution coefficient, KC , also called partition coefficient defined by Equation 3.2
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(Chromacademy, 2015; Annino & Villalobos, 1992):
KC =
Cs
Cm
(3.2)
where: Cs is the concentration of the solute in the stationary phase and Cm is the
concentration of the solute in the mobile phase.
The flow rate of the carrier gas is another key parameter in the retention time of an
analyte, i.e. if the flow rate of a carrier gas is very high, it would be possible that some
molecules would not contact the stationary phase. The optimum flow rate to reach the
maximum efficiency, expressed in terms of linear velocity, is 20 cm/s to 40 cm/s (Annino
& Villalobos, 1992). Helium, nitrogen and hydrogen are the most common carrier gases.
When hydrogen is used, proper venting of hydrogen is a key consideration because of its
explosive nature (McMaster & McMaster, 1998).
3.3.2.2 Selection of the GC column
There are two types of columns: packed columns, formed by a solid support coated
with the liquid stationary phase; and capillary columns, which are long hollow silica
tubes where the liquid stationary phase is deposited with different thickness in the inside
wall of the tube (Chromacademy, 2015).
The selection of the stationary phase is a critical aspect in capillary columns. The
separation performance is dictated by column selectivity and polarity. Selectivity consists
of the differentiation of solutes based on the physicochemical interactions between the
solute molecules and the stationary phase. The selectivity of most of the stationary phases
is mainly determined by three different interactions: dispersion, dipole and hydrogen
bonding. For compounds of similar volatility, the retention time of a solute increases
when polarities of both solute and stationary phase are similar. Polarity also affects
column life time, temperature limits and efficiency (Agilent, 2016).
In addition to the nature of the stationary phase, there are other parameters which
should be considered to select a GC column for a particular analysis: stationary phase
thickness, column internal diameter and column length (McMaster & McMaster, 1998).
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3.3.2.3 GC detectors
After being separated in the GC column, solutes in the gas phase pass through a
detector where a signal response is generated based on its physical or chemical properties.
This response is amplified and an electronic signal is generated. This electronic
signal plotted against time creates a chromatogram in the data system (Chromacademy,
2015). There are different types of detectors: mass spectrometer (MS), flame ionization
detector (FID), thermal conductivity detector (TCD), electron capture detector (ECD)
and thermionic detector (TID) among others (Grob & Barry, 2004). In this work,
species separated in the GC column were identify by MS. The theoretical aspects of
mass spectrometry are explained in Section 3.4.1.1.
3.4 Analysis of the gas phase
The main technique used for the analysis of gas products in this work was mass
spectrometry (MS). In experiments conducted for investigating the effect of the reaction
time included in Chapter 8, gas samples were collected in a gas sampling bag and
measured offline by a gas chromatograph equipped with a TCD detector.
3.4.1 Mass spectrometry analysis of gas products
Gas phase products of the hydrothermal conversion of CO2 were analysed by
MS, model HPR-20-QIC from Hiden Analytical. The gas analysis was conducted by
connecting the depressurisation valve line (Figure 3.1) to the capillary inlet of the MS.
After the reaction time was completed, the reactor was cooled down in an ice bath. When
the temperature decreased to ca. 22 ◦C, the depressurisation needle valve was opened to
flow gas into the MS. The valve was opened until a pressure between 6.5·10-11 bar and
4.0·10-9 bar was reached in the MS chamber. Data were collected for 40 min.
During analysis, the capillary was heated to avoid condensation of reaction
products in the capillary tube inlet. A numerical example of the steps conducted for
gas products identification and the calculation of CO2 conversion is rigorously detailed
in Appendix E. The error in CO2 conversion is reported in Appendix G.
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3.4.1.1 Mass spectrometry principles
Mass spectrometry consists of the production of ions from a neutral compound.
In this technique, the sample is consumed during analysis. However, due to instrument
sensitivity, only a few nanogrammes of material are sufficient (Johnstone & Rose, 1996).
Briefly, the sample is introduced into the ionisation chamber, where sample molecules
are ionised. The ions are separated depending on their mass-to-charge ratios (m/z) before
reaching the detector, where the signal produced by each ion is stored with its abundance.
The representation of the absolute or relative intensity against m/z values constitutes the
mass spectrum which is characteristic for each species (Che & Védrine, 2012). These
steps are explained in detail below.
Formation of the molecular ion
A molecule can form different kinds of ions depending on the ionisation process
and the nature of the molecule itself. The most widespread ionisation mechanism
involves the removal of an electron from a molecule by electron ionisation (EI). The
ionisation occurs when a gaseous molecule or atom collides with an electron (Equation
3.3). The ion formed by this method is denominated molecular ion, as the mass of the ion
is practically identical to that of the original molecule since the mass of the electron is
considered negligible. Alternatively, other ionisation mechanisms result in a negatively
charged ion (M−•) produced by the addition of an electron or in the addition or removal
of charged species (X+) forming ions ([M +X]+ and [M −X]−) respectively. If the
initial species is a salt (M+X−), it is already ionised and the charged ions only need to
be separated before passing into the detector (Johnstone & Rose, 1996; Downard, 2004).
M + e− →M+• + 2e− (3.3)
Formation of successive ions
If a molecular ion contains enough excess internal energy, this ion may suffer
further dissociation. There are two possible paths for the second fragmentation of an
odd-electron radical cation (M+•). It can form: (i) an even electron fragment (A+)
and a radical (R•) (Equation 3.4); or (ii) a smaller ion fragment (A+•) and a neutral
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molecule (R) (Equation 3.5). If the fragment ions produced have sufficient excess
internal energy, new ion species can be produced following Equation 3.4 and Equation
3.5 until the internal energy is insufficient to proceed with further fragmentation. The
successive charged ions formed by different pathways constitute the fragmentation
pattern (Johnstone & Rose, 1996; Downard, 2004).
M+• → A+ +R• (3.4)
M+• → A+• +R (3.5)
Mass spectrum
The mass spectrum acts as a fingerprint of a compound and can be used to identify
the species under analysis (McMaster & McMaster, 1998). Ions are classified based
on their mass-to-charge (m/z) ratios, where m is the mass of the ion and z the charge.
Usually, in the y-axis of a mass spectrum relative abundances of the m/z ratios are
plotted. Ions with values of relative abundance lower than 1 % are sometimes omitted
in mass spectrum representations. Despite their low relative abundance, these ions may
be critical for the identification of species (Johnstone & Rose, 1996).
In mass spectrometry several factors affect the relative abundance of an ion:
stability of the ion and the neutral molecule; suppression effects; mass resolution; and
detector efficiency. Mass resolution alters ion abundance measurements, for instance
when a higher signal intensity is recorded reflecting the contribution of two different ions
which could not be properly resolved. Suppressing effects take place when a signal of an
ion is suppressed by the signal of a neighbouring ion. Efficiency to detect ions depends
on the m/z values; low m/z ratios are easier to detect than ions with high m/z (Downard,
2004).
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Mass spectrometers
The mass spectrometer is formed of three main units: the ion source, the mass
analyser and the ion detector. The pumping system also plays a key role in mass
spectrometer performance. Figure 3.3 shows a schematic of a mass spectrometer.
 
Figure 3.3: Schematic representation of a mass spectrometer device (Claydon, 2016).
The ion source is the region where ionisation occurs. The ionisation chamber is
usually under vacuum to avoid reactions between the charged ions formed and other
gaseous substances present such as contaminants and atmospheric gases. The ideal
operating pressure of an ionisation chamber is that in which the mean free path distance
of the ion is longer than the distance between the source and the detector. Ion formation
can occur through different ionisation mechanisms, the most frequently used being the
aforementioned electron impact or electron ionisation (EI). The ion source also contains
a repeller to push the ionised species to the mass analyser (Downard, 2004).
After the molecules are ionised, the ions formed are classified according to their
mass-to-charge ratio in the mass analyser through the application of electric and magnetic
fields (Downard, 2004). There are different kinds of mass analysers. The mass
spectrometers available in the laboratory (MS from HPR-20- QIC-Hiden Analytical and
GCMS from Shimadzu QP2010SE) use a quadrupole for ion separation. The quadrupoles
consist of four parallel cylindrical quartz rods. Adjacent rods have opposite charge caused
by the application of a direct current (DC) and a radio frequency (RF) signal. DC/RF
fields determine the ions which reach the detector. Therefore, these ions follow a stable
path down the mass analyser, while the non-selected ions follow an unstable decaying
path until hitting the walls of the rods (McMaster & McMaster, 1998).
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Different types of detectors can be used in mass spectrometry. The HPR-20 mass
spectrometer manufactured by Hiden Analytical used for the gas analysis incorporates
two types of detectors: a Faraday cup detector and a single channel electron multiplier
detector (EM).
The Faraday cup consists of a long thin rectangular box to collect the ions at
the base of the box, denominated the collector. The positive ions are neutralised by
electrons in the detector producing a current which is amplified and recorded. In
electron multipliers (EM) detectors, the secondary electrons emitted from the detector
are amplifying increasing the efficiency over the Faraday cup detector (Downard, 2004).
3.4.2 GC-TCD analysis of gas products
The theoretical principles behind gas chromatography are explained in Section
3.3.2. A thermal conductivity detector monitors the changes in the thermal conductivity
of the carrier gas caused by the presence of products previously separated in the GC
column (Grob & Barry, 2004).
In this work, a Thermo Scientific Trace 1310 Gas Chromatograph provided with
two packed columns from Restek (MS-5A 60/80-2 m×1 mm ID, 1/16" OD and HS-Q
60/80-2 m×1 mm ID, 1/16" OD) was used offline. The temperature of the TCD was
set at 150 ◦C. Argon with a flow of 1.0 mL/min was the carrier gas. The GC method,
developed by an engineer from Thermo Scientific, consisted of holding the temperature
at 50 ◦C for 2.5 min. Thereafter, with a rate of 30 ◦C/min the temperature was increased
to 70 ◦C and maintained constant for 8.83 min. Finally, the temperature was increased to
150 ◦C at 80 ◦C/min.
3.5 Catalyst characterisation techniques
In this section, a brief theoretical background behind the techniques used to
characterise the catalyst is provided. Fresh catalysts were evaluated by N2 adsorption
isotherms, inductively coupled plasma (ICP) and scanning electron microscopy
(SEM). Spent catalysts were characterised by SEM, X-ray diffraction (XRD) and
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temperature-programmed oxidation (TPO). Temperature-programmed reduction (TPR)
was also used to test fresh Fe powder catalyst.
3.5.1 N2 adsorption isotherms
Gas adsorption isotherms are used for the evaluation of surface area and pore size
distribution of catalysts, pigments and ceramics among other materials (Sing et al., 1985).
N2 is the most commonly used gas for this method, although argon and krypton can also
be employed (Che & Védrine, 2012).
In a typical experiment, the substrate is placed in a sampling tube of known volume
and the adsorption takes place in liquid nitrogen at -196 ◦C. Pure gas is injected into the
tube, and the pressure drops until equilibrium is reached. The amount of gas absorbed
is calculated by the difference between the gas introduced and the gas required to fill
the sampling tube. Successive charges of gas are used to plot the isotherms (Sing et al.,
1985).
In this work, N2 gas adsorption was used to determine the surface area of fresh
catalysts. The analysis was based on the BET model, which was proposed by Brunauer,
Emmett and Teller in 1938. Unlike the Langmuir model, which is based on the
assumption of the formation of only one monolayer of strongly adsorbed gas, the
BET model proposes the adsorption of multiples layers of gas (Che & Védrine, 2012).
Moreover, this model also assumes that the probability of occupation of a site does not
depend on the level of occupation of the neighbour sites and that no lateral interactions
occur between adsorbed molecules (Sing, 2001).
The fresh catalysts were measured according to the BET method using a 3 Flex
Micromeritics Surface Characterization instrument. Firstly, catalysts were dried at
120 ◦C in a vacuum furnace (MTI Corporation). Thereafter, they were place in the
sampling tubes and degassed under vacuum between 16 h to 72 h, before starting the N2
adsorption. In the case of zeolites, they were also subjected to an in-situ degasification
process consisting in increasing the temperature to 300 ◦C at 10 ◦C/min and maintaining
at this temperature for 60 min. Afterwards, zeolites were cooled down naturally before
adsorption of N2. The process was controlled by the software 3 Flex Version 3.02.
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3.5.2 Inductively coupled plasma (ICP)
Inductively coupled plasma (ICP) is a technique used to determine the elemental
composition of a sample. It is suitable for the identification and quantification of all
elements in the periodic table, even at low levels of concentration of the elements in
solution (Taylor, 2001). The plasma is generated by argon gas flowing through a plasma
torch.
The samples are introduced into the plasma as aerosols. Solid samples can be
converted to aerosols using either a laser or a nebuliser to form an aerosol from a
dissolved solid. In the plasma, the aerosol is first gasified and then ionised. These ions
formed are typically positive ions and can be detected by a mass spectrometer; this is
ICP-MS (inductively coupled plasma mas spectrometry) (Montaser, 1998; Wolf, 2016).
Composition determination of trace metals can be performed by ICP-OES (inductively
coupled plasma optical emission spectrometry), also known as ICP-AES (inductively
coupled plasma atomic emission spectroscopy). In this work, ICP analysis was conducted
in the Department of Chemistry of the University of York.
3.5.3 Scanning electron microscopy (SEM)
Scanning electron microscopy (SEM) is used for the study of surface texture and
defects of solids and also to study particle morphology and size. SEM is a technique
based on the emission of a beam of electrons which are reflected from the surface of the
specimen (Dann, 2000). The incident electron beam is focused on a point of the sample
by the objective lens. The scan coils, located inside the objective lens, are controlled by a
varying voltage and originate a magnetic field that causes the beam of electrons to scan in
x and y directions covering a rectangular area of the sample. The scan runs continuously
and the electrons reflected from the scanned surface form the SEM image (Egerton, 2007;
Flegler et al., 1993). If the sample under evaluation is non-conductive, it must be coated
with gold or graphite before analysis (Dann, 2000).
In this work, samples were analysed using a Jeol JSM-6010 LA Analytical
Scanning Electron Microscopy (acknowledgment to 4CU Grant EP/K001329/1 for
mostly purchasing the device). The accelerating voltage (V) employed ranged from
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15 kV to 20 kV and a working distance (WD) of 12 mm was used throughout. Catalysts
with low conductivity were pre-coated with gold for 10 s in an Agar Sputter Coater. The
operation occured at 0.04 mbar and a current of 40 mA was applied.
3.5.4 X-ray diffraction (XRD)
X-ray diffraction is widely used for the characterisation of the bulk structure of a
catalyst. In XRD analysis, a beam of X-rays hits the catalyst and it is scattered in different
directions. The diffraction pattern produced is regarded as a fingerprint of the solid for
the identification of the crystal phases present (Perego, 1998; Dann, 2000).
In this work, XRD patterns were recorded by PhD candidate Ali R Al-Shathr using
a STOE STADI P diffractometer operated in transmission mode at a voltage of 20 kV
and and a current of 5 mA using STOE WinXPOW software. Data were collected at
room temperature in the 2θ range from 5 ◦ to 39.98 ◦ with a step size of 0.020 ◦. This
device employed Mo-Kα radiation. However, most of the patterns found in literature
were recorded with Cu-Kα. Hence, Equation 3.6 was applied to transform a Mo-Kα
pattern into a Cu-Kα pattern:
4 · pi · sinθCu
λCu
=
4 · pi · sinθMo
λMo
(3.6)
where θ is the diffraction angle, λCu = 1.540562 and λMo = 0.709300.
The identification of the crystalline phases of the materials characterised was
conducted by the comparison of the XRD patterns obtained with the patterns available in
the database included in the software PDF-4+ 2016 (reference from JCPDS-International
Centre for Diffraction Data).
3.5.5 Temperature-programmed oxidation (TPO)
Temperature-programmed oxidation has been extensively employed for the
characterisation of carbon deposits (coke) on catalytic surfaces. It provides information
about different properties such as coke oxidation state, amount, location, C/H ratio,
carbon morphology and particle size (Spivey & Roberts, 2004; Li & Brown, 1999). In
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TPO, an oxidant gas, usually O2 diluted in a carrier gas, is fluxed through the catalyst
whilst the temperature increases. The consumption of the oxidant gas is monitored
and the variations in the detector signal are presented as a function of the temperature
(Auroux, 2013). The position and area of the peaks in the TPO profile depend on the
carbon features (Li & Brown, 1999).
In this work, TPO analysis of spent catalysts was conducted in a Pulse
Chemisorption System (ChemiSorb 2720, Micromeritics), equipped with a Eurotherm
2416 temperature controller. TPO profile was acquired by ChemSoft TPx V1.03
software. The TPO method was developed by PhD candidate Amal K. Shehab and
consisted of the following steps. Firstly, He was fluxed for 30 min with a flow rate of
25 mL/min to clean the catalyst surface. Secondly, the inert gas was swapped to the
oxidation gas composed of 5 % of O2 in He maintaining a constant flow rate. After
20 min, the temperature was increased to 950 ◦C with a heating rate of 10 ◦C/min and this
temperature was held for 30 min. The gases used were purchased from BOC.
3.5.6 Temperature-programmed reduction (TPR)
Temperature-programmed reduction can be used for the evaluation of the oxidation
state of reducible catalysts. In this technique, a reducing agent, usually H2 diluted in
an inert gas, is passed through the catalyst while the temperature increases. The H2
consumed is quantified in a detector (Reiche et al., 2000).
TPR analysis was carried out in the same Chemisorption System (ChemiSorb 2720,
Micromeritics) used for TPO. The TPR method was also developed by PhD candidate
Amal K. Shehab and consisted in passing Ar at 25 mL/min through the catalyst surface
for 15 min. Thereafter, 5 % of H2 diluted in Ar was fluxed for 20 min. Finally, the
temperature was increased to 700 ◦C at a rate of 10 ◦C/min while maintaining the flux of
reductant gas constant.
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4.1 Introduction
Phenol has been one of the most complex species synthesised by the hydrothermal
conversion of CO2 as stated in Section 2.4.2 (Tian et al., 2007, 2010; Chen & Qian, 2001).
Inspired by the work of Tian et al. (2010), in this chapter the hydrothermal conversion of
CO2 using H2O as the hydrogen source and Fe powder as the catalyst was conducted in
the presence of air. Specifically, the effect of different CO2:H2O mole ratios under such
conditions was studied. The different reaction conditions applied modified the product
distribution; phenol and cyclic ketones being the main products. The response of the
performance of the Fe3O4 catalyst, where Fe is in the oxidation states II and III, in the
absence of the addition of air was also investigated. The phenol yield was compared
to the yield obtained by Tian et al. (2010) under similar conditions. To the author’s
best knowledge, the production of cyclic ketones from CO2 in a hydrothermal system is
reported here for the first time.
The main advantage of the hydrothermal processes in organic chemical reactions
is that high-temperature water (HTW) is preferred to organic solvents from the
environmental point of view. Moreover, HTW shows fewer and weaker hydrogen bonds,
lower dielectric constant and a higher isothermal compressibility than water at room
conditions (Shen et al., 2012).
4.2 Materials and methods
4.2.1 Materials
Production of phenol and cyclic ketones was carried out in the presence of air using
different CO2:H2O mole ratios. The catalyst employed was Fe powder (≥ 99 %, Sigma
Aldrich). Fe3O4 (97 %, Alfa Aesar) was also tested as a catalyst in the absence of air.
BET surface area measurements of the materials employed were conducted according to
the method depicted in Section 3.5.1. The BET surface area of Fe3O4 was approximately
6.9 m2/g while Fe powder specific surface area could not be determined by this method
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due to its low value. The CO2 was purchased from BOC (purity 99.99 %) and distilled
H2O was produced in an Elga reservoir.
4.2.2 Methods
4.2.2.1 CO2 hydrothermal reaction
The experimental method employed was explained in Section 3.2.2. Briefly, the
water and the catalyst were loaded in the 100 mL autoclave. When approximately
25 barg of CO2 were loaded into the reactor the air was not purged, therefore ca. 1 bar
of air remained in the reactor. Afterwards, the temperature was increased to 350 ◦C
and the mixer was started at 600 rpm. After 4 h of reaction, the mixer was stopped
and the reactor cooled down in an ice bath. Gas analysis started at 22 ◦C using the
MS (HPR-20-QIC-Hiden Analytical). Filtration of the sample was carried out prior
to its quantification, hence some sample remained in the filter paper and could not be
quantified.
The CO2:H2O mole ratios were modified by changing the amount of H2O
employed, maintaining the initial pressure constant at approximately 25 barg. The
volumes of H2O tested were 1 mL, 3 mL, 5 mL and 7 mL, which corresponded to a
CO2:H2O mole ratio of 1.83, 0.60, 0.35 and 0.25 respectively.
On the other hand, to study if the addition of air to the Fe powder had the same
effect as using an Fe-based catalyst with Fe already in an oxidised state, Fe3O4 was
tested as a catalyst. In this reaction, 3 mL of H2O were reacted with CO2 in the absence
of air. To remove the air, CO2 was fluxed twice, before loading CO2 again to the desired
pressure.
4.2.2.2 Analysis of liquid phase products
Liquid samples were analysed by GCMS using the DB1-ms column described in
Table 3.2. Helium was used as the carrier gas with a linear velocity of 30 cm/s. The
temperature of the injection port was fixed at 250 ◦C to ensure that the sample was
completely volatilised before entering the column. The interface temperature between
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the GC column and the MS was 5 ◦C higher than the highest temperature reached in the
column during the analysis to avoid condensation of the products in the MS. The ion
source temperature was 200 ◦C and the MS was set to scan mode to analyse m/z ratios
between 33 and 500. The oven temperature program employed is detailed in Table 4.1.
Products with low m/z ratios were analysed with a split ratio (SR) of 250 or 100 and
products with higher m/z ratios with a split ratio of 30.
The amount of sample injected was 0.5 µL. The samples were injected automatically,
except the sample which resulted from the reaction with 1 mL of H2O. In this case,
manual injection was required owing to the fact that the amount of sample recovered was
not sufficient for automatic injection. Calibration curves for product quantification are
shown in Appendix A.
Table 4.1: Oven temperature program for GCMS analysis of liquid samples. Conditions: linear velocity =
30 cm/s, SR = 30, 100 & 250 and m/z = 33-500.
T rate [◦C] Final T [◦C] Hold time [min]
- 50 1.00
15 78 2.50
15 89 1.00
15 100 2.00
10 150 1.00
4.2.2.3 Analysis of gas phase products
The gas analysis was performed by MS (HPR-20-QIC-Hiden Analytical). For the
reaction carried out with 7 mL of H2O, the MS operated in scan mode detecting ions
from m/z = 1 to m/z = 200. However, in order to control the ions scanned, for the rest of
experiments, multiple ion detection (MID) mode was selected. The ions investigated are
shown in Table 4.2. The Faraday detector was employed in both cases. The identification
of gas products, as well the calculation of CO2 conversion, were conducted according to
Appendix E.
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Table 4.2: Parameters of the mass spectrometer MID mode method.
Ion Resolution factor
2 0.440
14 0.072
16 1.600
18 0.900
26 2.812
27 0.648
28 1.050
29 1.000
30 0.681
31 3.600
32 0.860
43 3.600
44 1.400
45 0.936
46 0.609
56 1.000
60 1.000
91 6.800
94 1.000
4.3 Results and discussion
4.3.1 Liquid products distribution
Liquid samples were analysed using the GC method described in Table 4.1. Figure
4.1 shows an example of the chromatograms obtained when using a split ratio of 250. For
a split ratio of 100, the chromatograms obtained were similar. These split ratios were used
to detect products with low carbon number which appeared at retention times between
3 min and 4 min. As it is shown in Figure 4.1, these products were methanol, ethanol and
acetone. However, these products were not quantified due to the following reasons: (i)
the methanol peak presented an amorphous form owing to the interactions of the gases
dissolved in the water with the column, hindering methanol detection; (ii) ethanol was
used to clean the syringe before injection, hence the ethanol peak was overestimated as
a consequence of contamination and (iii) the acetone peak could be underestimated as it
appeared very close to the large ethanol peak. As not all products were quantified, mass
balances were not adjusted.
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Figure 4.1: Chromatogram of low m/z ratio products measured with the method detailed in Table 4.1 and
SR = 250. Reaction conditions: T = 350 ◦C, CO2:H2O mole ratio = 0.60, reaction time = 4 h and 0.56 g of
Fe powder catalyst. Air is present in the reaction media.
Higher oxygenates produced in the hydrothermal conversion of CO2 at different
CO2:H2O mole ratios are presented in Table 4.3. The species synthesised included
aromatics, ketones, aldehydes, cyclic ketones and acids. Peaks identified by the MS
library with higher peak area were quantified. The calibration curves are presented in
Appendix A. The concurrence of the retention times between the calibration standards
and the experimental data confirmed the MS identification. Qualitative analysis was
based on the library identification, hence the identity of these products could not be
confirmed.
Higher CO2:H2O mole ratios enhanced the production of aromatics such as phenol
and acetophenone (Table 4.3). The decrease in the amount of H2O available in the media
may have minimised the production of H2, hence the formation of conjugated systems
was preferred. A ratio of CO2:H2O = 0.25 favoured the synthesis of organic acids such
as acetic acid, propanoic acid, hexanoic acid and heptanoic acid. Moreover, a ratio of
CO2:H2O = 0.60 using both Fe powder and Fe3O4 as catalysts also yielded hexanoic acid
and heptanoic acid in higher concentrations than a ratio of 0.25. However, at ratios of
0.35 and 1.83 these acids were not produced.
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Table 4.3: Peak area of the compounds detected at different CO2:H2O mole ratios. Reaction conditions:
T = 350 ◦C, reaction time = 4 h and 0.56 g of Fe powder catalyst. Air was present in the reaction media.
CO2:H2O [mol]
Compound 0.25 0.35 0.60 1.83 0.60*
Phenol 486557 3031908 409929 977302
3-methylphenol 21305 63163 32779
Acetophenone 35741 87291 18269 65886
2-Butanone 41019 121585 79351 165535
2-Pentanone 16643 27093 13561 43953
2-Hexanone 44750 25804 28712 73522
2-Octanone 192369 284238 571026 112241 429917
Butanal 24564 14958 6597
Pentanal 38133 33334 36416 38516
Hexanal 19451 44435 46550
Heptanal 411623 544642 411246 48147 298148
Cyclopentanone 44636 45822 78484 34011 164246
Cylcohexanone 155356 149160 242310 56129 367044
Cycloheptanone 117044 133845 301445 99385 540169
Cyclooctanone 33982 34538 103646 22264 93427
Acetic acid 80392 209663 202885
Propanoic acid 47700
Hexanoic acid 29101
Heptanoic acid 144893 434793 220200
*The catalyst employed was Fe3O4 in the absence of air.
Intermediate ratios yielded aldehydes from C4 to C7. However, butanal was not
observed at a ratio of 0.25, whereas pentanal and hexanal were not produced at a ratio
of CO2:H2O = 1.83. Chained ketones from C4 to C6 and C8 were also identified. It is
worth noting that 2-octanone and heptanal were produced at the four ratios investigated,
however at a CO2:H2O ratio of 1.83 they presented lower concentration.
In addition to the products present in Table 4.3, other peaks appeared in the GC
chromatogram that could not be identified. These peaks possessed, in general, a low
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peak area (see Table 4.4), hindering their identification. According to the MS library,
these products may contain nitrogen in their structure, but due to the low similarity index
between the mass spectrum detected and the library spectrum these peaks could not be
characterised. In the reaction conducted over Fe3O4 in the absence of air, unidentified
peaks were not found, suggesting that these products may incorporate nitrogen from air
in their structures. To confirm this hypothesis, 15N-labelled air could be added to the
reaction media to determine the change in mass of the products.
Table 4.4: Retention time and peak area of the unidentified compounds detected at different CO2:H2O
mole ratios. Reaction conditions: T = 350 ◦C, reaction time = 4 h and 0.56 g of Fe powder catalyst. Air
was present in the reaction media.
CO2:H2O [mol]
Retention time [min] 0.25 0.35 0.60 1.83
5.14 27033 17559
5.18 25251
5.26 41322 44537
5.30 41316
5.62 59971 18111
6.11 6253
6.13 4871
6.19 5872
6.80 47097 22974
6.85 86938 45610
9.91 22263
Quantified liquid products with high carbon number obtained at different CO2:H2O
mole ratios are illustrated in Figure 4.2. According to Appendix G, the quantification
error was approximately 10 %. These products were classified into two categories:
straight-chained products shown in Figure 4.2a and cyclic ketones represented in Figure
4.2b. The major product with high carbon number detected was phenol, reaching a
peak concentration ca. 4.5 mmol/L at a CO2:H2O ratio of 0.60. Nevertheless, at 0.35
and 1.83 ratios this concentration showed a sharp drop. Moreover, phenol was not
obtained at the lowest CO2:H2O mole ratio. In contrast, heptanal and 2-octanone were
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produced at the four ratios investigated. Heptanal concentrations were approximately
steady (2.0 mmol/L to 3 mmol/L) except at a ratio of 1.83 where a significant decrease
was observed. 2-octanone concentration gradually increased from 0.25 to 0.60 mole
ratios and then suddenly dipped, as heptanal did. These findings may suggest that at
a CO2:H2O mole ratio of 1.83 the quantity of H2 in the system may have been limited
since only 1 mL of H2O was loaded into the reactor. Hence, the low availability of H2
may hinder the production of straight-chained oxygenates.
Cyclic ketones consisting of five to eight carbons were also formed under the
reaction conditions investigated. It is worth noting that the concentration of cyclic
ketones was, in general, lower than the concentration of heptanal and 2-octanone.
Cyclohexanone yielded the highest concentration for the four CO2:H2O mole ratios
studied, reaching concentrations higher than 1.5 mmol/L. Cyclooctanone was found in
trace amounts whereas cyclopentanone and cycloheptanone were produced in substantial
concentrations. Cyclic ketone concentrations at 0.25 and 0.35 ratios were almost
quantitatively identical.
Overall, by looking at Figure 4.2, there appeared to be a clear upward trend in
high carbon number compounds production with the increase in CO2:H2O mole ratio up
to a ratio of 0.60. However, after that value, the formation of oxygenates significantly
dropped.
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Figure 4.2: Liquid products with high carbon number at different CO2:H2O mole ratios. Reaction
conditions: T = 350 ◦C, reaction time = 4 h and 0.56 g of Fe powder catalyst. Air was present in the
reaction media.
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To investigate the effect of the oxidation state of the Fe catalyst, the product
distribution using Fe powder and Fe3O4 as catalysts in the presence and the absence
of air respectively was compared. Results are shown in Figure 4.3. Under aerobic
conditions, phenol was the main product among the species with high carbon number.
However, when Fe3O4 was selected as catalyst under anaerobic conditions, the main
products were cyclohexanone and 2-octanone with concentrations of approximately
2.5 mmol/L. The distribution pattern using Fe powder as catalyst was dominated by
phenol and straight-chained products. Nevertheless, using Fe3O4 as catalyst, cyclic
ketones, specially cyclohexanone, exhibited significant concentrations. Hence, this may
indicate that the evolution of the Fe oxidation state under reaction conditions dictated the
product distribution and, furthermore, the oxygen of air may modify this evolution. In
contrast, Tian et al. (2010) reported that product distribution was not affected by changes
in oxygen concentration in the hydrothermal reaction media.
It is also worthy to highlight that at a CO2:H2O mole ratio of 0.60 and 350 ◦C, acetic
acid was produced in significant concentrations regardless the catalyst employed and the
concentration of air in the reaction media (Table 4.3). Concentrations of approximately
1.5 mmol/L were achieving for both Fe powder and Fe3O4 catalysts under aerobic and
anaerobic conditions respectively. However, to determine the effect of the air and the
effect of the catalyst independently, additional control experiments may be conducted. In
particular, to carry out the reaction using Fe powder as catalyst in the absence of air and
with Fe3O4 under aerobic media, maintaining the rest of the reaction conditions constant.
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Figure 4.3: Liquid products with high carbon number using Fe powder + air and Fe3O4 under anaerobic
conditions as catalysts. Reaction conditions: T = 350 ◦C, CO2:H2O = 0.60 mol, reaction time = 4 h and
0.56 g of catalyst.
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To the best of the author’s knowledge, the production of cyclic ketones by
hydrothermal conversion of CO2 has not been previously reported. Nevertheless,
evidence for the formation of phenol under hydrothermal conditions similar to those
described above was previously provided by Chen & Qian (2001) and Tian et al. (2007,
2010). In this work, under the most suitable reaction conditions (CO2:H2O mole ratio =
0.60), phenol was produced with a yield of 0.04 % (Equation E.8). Approximately the
same yield was obtained by Tian et al. (2010) after 4 h of reaction. Nevertheless, after
120 h, Tian et al. (2010) found that phenol was the unique final product with a yield
of 1.21 % at milder reaction conditions than those employed in this work (200 ◦C and
14 bar). At temperatures higher than 300 ◦C, a phenol yield of ca. 7.6 % after 2.5 h was
obtained by Chen & Qian (2001). It is worth noting that CO2 was reduced by Fe3O4
under supercritical conditions.
Under the reaction conditions, the pressure increased to the values present in Table
4.5. The figures reported were recorded after 4 h of reaction. It is worth noting that
the pressure kept constant during the 4 h, except for CO2:H2O mole ratios of 0.25 and
0.35 where the pressure was approximately 4 bar higher at the beginning of the reaction
time. Notwithstanding the fact that at a 0.35 mole ratio the pressure was just above the
supercritical pressure of CO2 (73.9 bar), the system was not under supercritical conditions
as a consequence of the presence of water. The mole fraction of CO2 and H2O determined
the critical temperature and pressure of the system. Therefore, the higher the water
content, the higher the critical temperature and pressure (Gallagher et al., 1993).
At the temperature (350 ◦C) and pressures (Table 4.5) reached during reaction, the
mixture of H2O and CO2 was in the vapour phase as observed from Figure 4.4. It is worth
noting that the data plotted in Figure 4.4 refers to 300 ◦C. However, higher temperatures
shifted the coexistence curve to higher pressures. Thus, the vapour region is extended to
higher pressures.
Table 4.5: Pressure and volume of sample recovered in the reaction media at 350 ◦C after 4 h of reaction
using Fe powder as a catalyst at different CO2:H2O mole ratios.
CO2:H2O [mol]
0.25 0.35 0.60 1.83 0.60*
Pressure [barg] 71 75 69 60 60
V collected [mL] 5.0 4.0 1.6 - 1.1
*The catalyst employed was Fe3O4 in the absence of air.
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thermal zone into the cooling zone during experimentation. The
effects of this phase unmixing are only discernable in the P-τ
data for fluids with compositions in the range 0.10 ≤ XCO2 ≤
0.25. For those mixtures, a minor inflection in P vs. τ is ob-
served at a pressure slightly above the reaction pressure (e.g.,
Fig. 9). Two lines of reasoning suggest that this minor “kink”
is due to phase separation in the tubing immediately down-
stream from the isothermal zone (Fig. 2). First, it is known
from previous experimental investigations of the CO2-H2O
liquid-vapor region (Tödheide and Franck 1963; Takenouchi
and Kennedy 1964; Sterner and Bodnar 1991) that the high-P
LVE phase boundary in the CO2-H2O system rises to higher
pressures with decreasing temperature. Consequently, in all of
the depressurization experiments described in this paper, phase
separation must have first occurred in the cooling zone of the
main flow line (Fig. 2) at a pressure above the F → L + V
reaction pressure in the isothermal zone. Second, onset of phase
separation in the cooling zone would be expected to produce
only a minor inflection in P vs. τ, because the mass of fluid
involved is small compared to that in the isothermal zone. Thus,
for the fluid compositions that exhibited two inflections in P
vs. τ  as pressure was lowered, the F → L + V reaction pressure
is marked by the more pronounced, second (lower pressure)
break in slope. Accordingly, for those fluid compositions, “high-
pressure” quadratic equations for calculating reaction pressures
(Table 1) were developed using P-τ data collected at pressures
between the two inflection points (e.g., Fig. 9).
Comparison with results obtained in previous investigations
Our high-P LVE curve for CO2-H2O fluids at 300 °C (Fig. 8)
can be compared with corresponding curves determined by
Tödheide and Franck (1963), Takenouchi and Kennedy (1964),
Sterner and Bodnar (1991), and Seitz and Blencoe (1997). Sig-
nificantly, the new curve is nearly coincident with the one de-
rived by Seitz and Blencoe (1997), which in turn is very similar
to the curve developed by Takenouchi and Kennedy (1964). In
contrast, the curves determined by Tödheide and Franck (1963)
and Sterner and Bodnar (1991) are located at significantly
higher pressures.
Seitz and Blencoe (1997). The excellent agreement between
our results and those of Seitz and Blencoe (1997) is important
because, although the same experimental equipment (Blencoe
et al. 1996; Seitz and Blencoe 1999; this study, Fig. 2) was
used in both investigations, Seitz and Blencoe (1997) employed
a significantly different vibrating U-tube technique to make
their measurements. In the Seitz and Blencoe (1997) method,
pure H2O and CO2 are reacted at constant T and P to form one
or two fluid phases of intermediate composition. Consequently,
incomplete equilibration in either the F, L or V phase fields
(Fig. 1) is manifested by metastable persistence of two fluid
phases, which would indicate an erroneously large L-V phase
field. By contrast, in the experimental procedure applied in the
present study, the pressure of a homogeneous CO2-H2O fluid is
lowered steadily at constant T until L + V becomes stable. Thus,
any delay in phase separation leads to metastable persistence
of one-phase fluid, which would indicate an erroneously small
L-V phase field. Therefore, taken together, the LVE data listed
in Table 2, and corresponding results obtained by Seitz and
Blencoe (1997), effectively constitute a tight reversal of the
high-P CO2-H2O LVE boundary curve at 300 °C.
Tödheide and Franck (1963) and Takenouchi and
Kennedy (1964). The good agreement between our LVE data
(Table 2) and those of Seitz and Blencoe (1997) and Takenouchi
and Kennedy (1964) (Fig. 8) suggests that the results obtained
by Tödheide and Franck (1963) are inaccurate (cf. Sterner and
FIGURE 8. Experimentally determined liquid-vapor phase relations
for CO2-H2O fluids at 300 °C. Filled circles represent the data listed in
Table 2.
FIGURE 9. P vs. τ for the XCO2 = 0.10 fluid at pressures above and
below its high-P F → L + V reaction point at 300 °C. The solid curves
with dashed extensions are taken from Figure 6. A minor inflection in
P vs. τ at ~43.0 MPa, caused by onset of phase separation in the tubing
immediately downstream from the isothermal section of the VTD
system (see text), is clearly visible.
Figure 4.4: Comparison of liquid-vapor phase relations for CO2-H2O mixtures at 300 ◦C obtained by
Blencoe et al. (2001) (represented with filled circles) with previous literature data.
Table 4.5 also reports the volume of sample collected after filtration of the catalyst,
hence the volume absorbed by the filter paper was not quantified. For a CO2:H2O mole
ratio of 1.83, the volume of sample collected could not be measured as the initial H2O
was 1 mL. In all cases, the volume of sample collected was between 1 mL and 2 mL
lower than the initial volume of water. It is worth noting that the difference in volume
did not only include the reacted water but also the water trapped or surrounding catalysts
particles.
4.3.2 Gas products distribution
Table 4.6 shows the CO2 conversion reached after 4 h of reaction at different
CO2:H2O mole ratios and also the compounds detected in the gas phase. It is to be noted
that the gas phase at a ratio of 0.25 was analysed by scan mode; hence it differed slightly
in comparison with the other reactions owing to the fact that scan mode is not accurate
for measuring m/z ratios present at low concentrations. Indeed, methanol, acetaldehyde,
formaldehyde and ethylene were not detected although they appeared when using the
other CO2:H2O mole ratios studied.
Gases detected in the gas phase encompassed CO2, CO, H2, H2O, N2, O2, CH4,
formic acid, methanol, acetaldehyde, formaldehyde and ethylene. For the highest
conversion of 37.4 %, products formed represented approximately 15 % of the gas phase.
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The remaining 85 % was composed mainly of CO2. N2 and O2 were only found in
reactions carried out under aerobic conditions. However, in the absence of air the
production of O2 by water splitting might have also occurred since H2 was formed.
It is worth noting that O2 was one of the gases present in the MS background, hence
this hindered the detection of produced O2 (see Appendix E for details in gas products
identification).
Table 4.6: CO2 conversion and gas phase composition at different CO2:H2O mole ratios. Reaction
conditions: T = 350 ◦C, reaction time = 4 h and 0.56 g of Fe powder catalyst. Air was present in the
reaction media.
CO2:H2O XCO2 [%] Gas phase composition
0.25 20.0 CO2, CO, H2, H2O, N2, O2, CH4 and formic acid
0.35 37.4 CO2, CO, H2, H2O, N2, O2, CH4, methanol, acetaldehyde,
formaldehyde and ethylene
0.60 8.7 CO2, CO, H2, H2O, N2, O2, CH4, methanol, acetaldehyde,
formic acid, formaldehyde and ethylene
1.83 15.0 CO2, CO, H2, H2O, N2, O2, CH4, methanol, acetaldehyde,
formic acid, formaldehyde and ethylene
0.60* 8.4 CO2, CO, H2, H2O, acetaldehyde, formic acid and
formaldehyde
*The catalyst employed was Fe3O4 in the absence of air.
The main products in the gas phase were CO and CH4. Their production is shown in
Table 4.7. Indeed, those CO2:H2O mole ratios which resulted in higher CO2 conversion
coincided with those which yielded higher concentrations of CO and CH4. However,
the lowest CO2 conversion was observed for a ratio of 0.60 that according to Figure
4.2 produced higher concentration of oxygenates with high carbon number. Therefore,
the contribution of liquid oxygenates with high carbon number to CO2 conversion value
could be considered negligible, due to the low concentrations reached.
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Table 4.7: H2 and major products in the gas phase at different CO2:H2O mole ratios. Reaction conditions:
T = 350 ◦C, reaction time = 4 h and 0.56 g of Fe powder catalyst. Air was present in the reaction media.
CO2:H2O H2 [mmol] CO [mmol] CH4 [mmol]
0.25 0.26 3.59 4.24
0.35 2.46 5.40 9.22
0.60 0.96 1.69 1.56
1.83 1.34 1.28 2.24
0.60* 0.40 0.04 -
*The catalyst employed was Fe3O4 in the absence of air.
Although mass balances could not be adjusted since not all products were
quantified, a carbon balance was accomplished for the highest and lowest CO2
conversions obtained with Fe powder catalyst. According to Table 4.6, 37.4 % of CO2
was converted into products at a CO2:H2O mole ratio = 0.35. Approximately 43 % of
the converted carbon was transformed into gas products. The reacted carbon used in
the production of liquid products with high carbon number represented less than 0.5 %.
Hence, more than 50 % of the reacted CO2 participated in: (i) the production of liquid
products with low carbon number, such as methanol, ethanol and acetone; and (ii) the
formation of carbonaceous deposits on the catalyst surface. For the lowest conversion, the
percentage of reacted carbon converted into gas products was slightly higher than 53 %
and into liquid products with high carbon number was approximately 1.5 %. Therefore,
the percentage of reacted carbon employed in the production of gas products was higher
at lower conversions.
The catalyst played a key role in gas phase products distribution. At a CO2:H2O
mole ratio of 0.60, Fe powder produced hydrocarbons such as methane and ethylene.
Nevertheless, these products were not detected using Fe3O4. Moreover, the production of
CO with Fe powder was 1.69 mmol whereas CO production in the presence of Fe3O4 was
negligible (Table 4.7). Thus, this suggests that Fe powder as a catalyst is more selective
to the production of hydrocarbons under these reaction conditions.
Hydrogen in the gas phase showed a maximum at a ratio of 0.60 which
corresponded to the highest CO2 conversion. However, for the second highest conversion
at a ratio of 0.25, the production of hydrogen exhibited a significant drop. Data in Table
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4.7 demonstrate that there was no trend between the amount of H2 in the gas phase and
CO2 conversion. It is worthy to clarify that this H2 quantified at the end of the reaction
was the difference between the H2 formed under reaction conditions and the H2 involved
in product synthesis.
4.4 Conclusions
It is important to highlight that the results shown above have demonstrated
the feasibility of converting CO2 into higher hydrocarbons and oxygenates under
hydrothermal conditions in the absence of the addition of gas phase hydrogen. It is
worth noting that, in agreement to Takahashi et al. (2008), water acted not only as
solvent but also as a hydrogen source in these systems. Indeed, an exemplar experiment
conducted with deuterated water as solvent provided further confirmation to this premise.
For instance, when the reaction was conducted using H2O, one of the main ions resulted
from the fragmentation of 2-octanone had a m/z ratio of 43 (CH3CO+). However, in the
presence of deuterated water this fragment had a m/z = 46.
Moreover, the synthesis of cyclic ketones from five to eight carbons and the
production of 2-octanone and heptanal was reported for the first time using CO2 as a
raw material under hydrothermal conditions.
Liquid product distribution varied remarkably with CO2:H2O mole ratio. Thus, it
is possible to enhance selectivity to a target product by tailoring the reaction conditions.
However, the concentrations detected were relatively low; hence further research is
needed in order to increase the concentrations and improve selectivity. The highest
concentration in liquid products with high carbon number were found for a CO2:H2O
mole ratio of 0.60, which corresponded to an initial volume of H2O of 3 mL.
Gas products detected contained one or two carbons. The major products detected
were CO and CH4. The peak concentrations were found for a CO2:H2O mole ratio = 0.35,
which also showed the highest H2 production. However, although the highest conversion
was at a ratio of 0.35, it was not possible to establish a trend between the H2 production
and CO2 conversion.
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The comparison between the experiments conducted with Fe powder under aerobic
conditions with Fe3O4 in the absence of air revealed the importance of the role that Fe
oxidation state might play in product distribution. Although liquid products detected
under both conditions were the same, the concentrations differed significantly. Moreover,
Fe powder in aerobic media produced hydrocarbons such as methane and ethylene and
enhanced CO production. However, the growth observed in hydrocarbon production
cannot only be ascribed to the catalyst itself but also to the conditions of the reaction
media.
Finally, it is relevant to underline that pressures were measured with a nanometer
with a scale division of 10 bar; hence, their accuracy could be improved. As a result of
this, the CO2 conversions calculated could be overestimated. Moreover, liquid samples
were quantified after filtration. Therefore, the products yield could be underestimated.
In this chapter, the hydrothermal reaction of CO2 was carried out under aerobic
conditions, focusing the study on the synthesis of products with high carbon content such
as phenol and cyclic ketones. No attempt was conducted to improve the conversion of
CO2 or to enhance the formation of a target product. In order to explore the role of the
reaction conditions in the reaction outcome and in the conversion of CO2, in Chapter 5 a
systematic optimisation of a number of reaction parameters will be presented. Moreover,
it was detected that the methods for analysing both liquid and gas phase samples could
be improved, hence, this issue will also be addressed in Chapter 5.
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5.1 Introduction
Chapter 4 focused on the production of phenol, amongst other products with
high carbon content, using CO2 and H2O as raw materials. It was demonstrated that
the CO2:H2O ratio was a crucial parameter affecting both product spectrum and CO2
conversion. Moreover, previous studies (Berndt et al., 1996; Tian et al., 2007) have
focused on a single set of reaction conditions with Berndt et al. (1996) mimicking
hydrothermal vent relevant conditions rather than exploring if the reaction parameters
can be optimised for enhancing product formation maintaining Fe as the catalyst.
Therefore, in this chapter, the optimisation of the reaction conditions was
accomplished with the aim of enhancing CO2 conversion and product yield. The reaction
parameters explored were the temperature and CO2:H2O mole ratio in the absence of air.
In this work, no attempts were conducted to optimise the mass of catalyst and 0.56 g was
used in each experiment according to Tian et al. (2007, 2010). In addition to improving
reaction conditions, in this chapter different methods to analyse liquid and gas phase
products have been tested to demonstrate their suitability.
Additionally, Tian et al. (2007) proposed that the formation of H2 is the
rate-determining step in the hydrothermal conversion of CO2. Thus, to test this
hypothesis, H2 was added to the media to study the reaction behaviour. The influence
of a pretreatment of the catalyst with H2 was also investigated.
5.2 Materials and methods
5.2.1 Materials
The materials used for optimisation of reaction conditions were CO2 (purity
99.99 %), H2 (minimum purity 99.995 %) and He (CP grade) purchased from BOC. The
catalyst employed was Fe powder (≥ 99 %, Sigma Aldrich) and the solvent was distilled
water, produced in an Elga reservoir of 75 L.
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5.2.2 Methods
5.2.2.1 Optimisation of the CO2 hydrothermal reaction conditions
Optimisation of the CO2:H2O mole ratio
The optimisation of the CO2:H2O mole ratio was performed in the set-up
represented in Figure 3.1 following the procedure depicted in Section 3.2.2. The
CO2:H2O mole ratios explored were 0.11, 0.16, 0.19, 0.26, 0.37 and 0.62. The CO2:H2O
mole ratio was modified by changing the volume of water added: 15 mL, 11 mL, 9 mL,
7 mL, 5 mL and 3 mL respectively, and keeping the initial pressure of CO2 (ca. 25 barg)
constant. These reactions were performed at 300 ◦C using 0.56 g of Fe powder as catalyst
for a duration of 4 h.
Addition of H2 to the reaction media
The reactor was loaded with 7 mL of distilled water and 0.56 g of Fe powder
catalyst. Thereafter, CO2 was fluxed twice at 25 barg to purge the air. Afterwards, 25 barg
of CO2 were loaded. Subsequently, 10 barg of H2 were added to the reaction media. The
reaction proceeded at 300 ◦C for 4 h.
Pretreatment of the catalyst with H2
0.56 g of Fe powder and 7 mL of distilled H2O were charged in the autoclave
described in Figure 3.1. The air was purged by loading 35 barg of He several times and
releasing it. Thereafter, H2 was loaded at low pressure (< 5 barg) a number of times and
released to remove any traces of He present in the reactor. Subsequently, H2 was charged
in the reactor and the temperature was increased to 360 ◦C. The mixture was agitated
at 600 rpm. The pretreatment of catalyst with H2 was carried out overnight. After that
time, it was quenched by introducing the reactor in an ice bath. When room temperature
was reached, the remaining H2 was purged and CO2 was loaded to start the hydrothermal
reaction following the method explained in Section 3.2.2 at 300 ◦C for a duration of 4 h.
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Optimisation of the reaction temperature
Four different reaction temperatures were investigated: 200 ◦C, 250 ◦C, 300 ◦C and
350 ◦C. The selected CO2:H2O mole ratio was 0.26, which corresponded to an initial
pressure of CO2 of 25 barg and 7 mL of distilled H2O. The experimental method was the
same as employed for the optimisation of the CO2:H2O mole ratio. These experiments
were carried out by MSc student Matthew Connolly under the supervision of the author
of this thesis.
5.2.2.2 Analysis of liquid phase products
Liquid samples were prepared for analysis by the addition of 1 µL of 4-methyl-
2-pentanol (98 %, Sigma Aldrich), used as internal standard (IS), to 1.5 mL of collected
sample (details are explained in Section 3.3.1). For the CO2:H2O mole ratio of 0.60,
where 3 mL of water were reacted, only 1 mL of sample was collected. To maintain the
volume ratio between the sample and the IS constant, 0.4 µL of IS were added to 0.6 mL
of sample.
Samples were analysed by GCMS using the DB1-ms column described in Table
3.2. The carrier gas utilised was He and the injection port and ion source temperatures
were fixed at 250 ◦C and 200 ◦C respectively. The interface temperature between the GC
column and MS was set 5 ◦C higher than the highest temperature reached in the column
during analysis.
The analysis of liquid samples was accomplished by two methods: (i) for analysing
products with low carbon number (≤ 3), thus with low m/z ratios; and (ii) for analysing
compounds with higher m/z ratios (carbon number > 3). Samples resulting from the
optimisation of reaction temperature experiments were analysed using the method shown
in Table 5.1 for high m/z ratios, exploring ratios between 33 and 300. The split ratio in
this case was 50 and aliquots of 1 µL were injected. Products with low carbon number
were analysed with the method summarised in Table 5.2, scanning ratios between 29
and 43. The split ratio used was 300 and carrier gas linear velocity was set at 30 cm/s.
The amount of sample injected was 0.5 µL Calibration curves for the quantification
of products with high carbon content are plotted in Appendix B, while curves for
compounds with low carbon number are represented in Appendix C.
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The other reaction parameters optimised (CO2:H2O mole ratio, addition of H2 to
the reaction media and pretreatment with H2 of the catalyst) were analysed using methods
presented in Table 5.1 (omitting the final step of the oven temperature program) for
products with high m/z values, and in Table 4.1, for products with low carbon numbers
exploring m/z ratios from 29 to 300 and a split ratio of 250. In both cases, the amount
of sample injected was 0.5 µL. Products with high carbon number were calibrated using
curves represented in Appendix B.
Table 5.1: Oven temperature program for GCMS analysis of liquid samples. Conditions: linear velocity =
37 cm/s, SR = 50 and m/z = 33-300.
T rate [◦C] Final T [◦C] Hold time [min]
- 40 0
10 87 1.00
10 91 1.50
10 103 1.00
10 150 0
15 300 1.00
Table 5.2: Oven temperature program for GCMS analysis of liquid samples. Conditions: linear velocity =
30 cm/s, SR = 300 and m/z = 29-43.
T rate [◦C] Final T [◦C] Hold time [min]
- 40 1.00
10 63 1.00
10 100 0
15 300 0
5.2.2.3 Analysis of gas phase products
With the intention of calculating the percentage of CO2 converted and the products
formed after 4 h of reaction, the resultant gas phase was analysed with the Hiden
Analytical MS. The gas phase was analysed using MID mode employing Faraday cup
and secondary EM detectors. Table 5.3 shows the method used for the analysis of the gas
phase products resulting from the variation of different CO2:H2O mole ratios. The same
method was employed for the addition of H2 to the reaction media and the pretreatment
of the catalyst with H2. An important point to consider is that the pressures in these tests
were measured using a manometer. Hence, as discussed in Chapter 4, the conversion of
CO2 might be under- or overestimated.
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The gas products formed at different temperatures were analysed with the method
shown in Table 5.4. It is worth highlighting that in these experiments, the pressure was
measured using a pressure transducer. Thus, the value of pressure was more accurate
and, as a consequence, also the value of CO2 conversion. Gas product identification and
the calculation of CO2 conversion followed the procedure detailed in Appendix E.
Table 5.3: Parameters of the mass spectrometer
MID mode method employed for reactions
conducted at different CO2:H2O mole ratios.
Ion Relative sensitivity Detector
2 0.440 SEM
14 0.072 SEM
15 1.000 SEM
16 1.600 Faraday
18 0.900 Faraday
25 0.117 SEM
26 1.000 SEM
27 0.866 SEM
28 1.050 Faraday
29 1.000 SEM
30 0.580 SEM
31 3.600 SEM
32 0.860 SEM
33 0.018 SEM
39 0.599 SEM
41 1.000 SEM
42 1.000 SEM
43 0.267 SEM
44 1.400 Faraday
45 1.000 SEM
58 0.976 SEM
60 0.577 SEM
61 0.153 SEM
Table 5.4: Parameters of the mass spectrometer
MID mode method employed for reactions
conducted at different temperature.
Ion Relative sensitivity Detector
1 1.000 Faraday
2 0.440 Faraday
14 0.072 Faraday
15 1.000 SEM
16 1.600 Faraday
17 1.000 Faraday
18 0.900 Faraday
25 0.117 SEM
26 1.000 SEM
27 0.157 SEM
28 1.050 Faraday
29 1.000 Faraday
30 0.681 SEM
31 1.800 SEM
32 0.860 Faraday
39 0.599 SEM
40 1.200 Faraday
43 0.267 Faraday
44 1.400 Faraday
45 1.238 SEM
46 0.609 Faraday
58 0.976 SEM
60 0.577 SEM
5.3 Results and discussion
Concentrations of products with low carbon number were not evaluated in
the optimisation of CO2:H2O mole ratio and in the reactions involving H2. The
chromatograms obtained under these conditions were similar to the example reported
in Figure 4.1. Although the GC method was modified changing the m/z ratio analysed
from 33-500 (Chapter 4) to 29-300, this variation did not facilitate the quantification of
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short chained products. In the optimisation of the reaction temperature, in addition to
increasing the split ratio to 300 and changing the oven temperature program, the m/z
ratios scanned were reduced to the range 29-43. This avoided the interferences of gas
ions dissolved in the sample such as CO2, improving the shape of methanol peak as it is
shown in Figure 5.1. The error in quantification of products with low carbon number was
ca. 10 % whereas it was approximately 5 % for products with higher carbon content (see
Appendix G for details).
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Figure 5.1: Chromatogram of low m/z ratio products measured with the method detailed in Table 5.2, SR
= 300 and m/z = 29-43. Reaction conditions: T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h
and 0.56 g of Fe powder catalyst.
5.3.1 Optimisation of the CO2:H2O mole ratio
Owing to the hindrances to quantify products with low carbon number, the analysis
of product distribution at different CO2:H2O mole ratios was based on products with
high carbon number (Figure 5.2). Heptanal was the major product and in most cases
its concentration was more than twice the concentration of 2-octanone, also detected
in significant concentrations. However, cyclic ketones such as cycloheptanone were
only observed at a ratio of 0.26 and in trace concentrations. Heptanal concentration
remained approximately steady at circa 0.5 mmol/L at low CO2:H2O mole ratios. There
was approximately a two-fold increase in concentration at a 0.19 ratio. A similar
concentration was found at a ratio of 0.37 which then suddenly dropped to a concentration
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of approximately 0.36 mmol/L at a CO2:H2O mole ratio of 0.62. The CO2:H2O mole ratio
of 0.26 was an exception in this trend; this could be ascribed to an experimental error,
such a thermocouple fault. In contrast to heptanal, 2-octanone production increased
monotonically with increasing CO2:H2O mole ratio up to a ratio of 0.37. Then, at a
CO2:H2O mole ratio = 0.62, the concentration of 2-octanone significantly decreased.
Heptanal
2-Octanone
Cycloheptanone
0.11 0.16 0.19 0.26 0.37 0.62
0
0.25
0.50
0.75
1.00
1.25
CO2:H2O ratio [mol]
C
on
ce
nt
ra
tio
n
[mmo
l/L]
Figure 5.2: Products with high carbon number at different CO2:H2O mole ratios. Reaction conditions: T
= 300 ◦C, reaction time = 4 h and 0.56 g of Fe powder catalyst.
Gas products were analysed by MS using the ions shown in Table 5.3. This method
led to the identification of acetaldehyde and formaldehyde as products in the final gas
mixture (Table 5.5). However, other substances may have been present and not identified
owing to the characteristics of the method employed. It is important to highlight that the
organic products identified represented ≤ 0.6 % mol of the gas phase mixture.
From the CO2 conversion data shown in Table 5.5, it seems that intermediate
CO2:H2O mole ratios favoured the conversion of CO2. The highest conversion reached
was 15.9 % at a CO2:H2O mole ratio of 0.26. Hence, this ratio was used as the optimal
value in further experiments. A CO2:H2O mole ratio of 0.26 corresponded to 7 mL of
H2O and an initial CO2 pressure of 25 barg.
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Table 5.5: CO2 conversion and gas phase composition at different CO2:H2O mole ratios. Reaction
conditions: T = 300 ◦C, reaction time = 4 h and 0.56 g of Fe powder catalyst.
CO2:H2O [mol] XCO2 [%] Gas phase composition
0.11 5.8 CO2, H2, H2O, acetaldehyde and formaldehyde
0.16 3.4 CO2, H2, H2O and acetaldehyde
0.19 10.8 CO2, H2, H2O and acetaldehyde
0.26 15.9 CO2, H2, H2O and acetaldehyde
0.37 14.7 CO2, H2, H2O and acetaldehyde
0.62 4.8 CO2, H2, H2O and acetaldehyde
As with the experiments reported in Chapter 4 at different CO2:H2O mole ratios in
the presence of air, unreacted H2 after 4 h of reaction did not follow a consistent trend
(Table 5.6). The maximal H2 production was found at a ratio of 0.37.
Table 5.6: H2 present in the gas mixture at different CO2:H2O mole ratios. Reaction conditions:
T = 300 ◦C, reaction time = 4 h and 0.56 g of Fe powder catalyst.
CO2:H2O [mol] H2 [mmol]
0.11 0.84
0.16 1.61
0.19 1.44
0.26 2.11
0.37 8.95
0.62 2.26
5.3.2 Addition of H2 to the reaction media and pretreatment of the
catalyst with H2
The study of the effect of H2 pretreatment of the catalyst and of the addition of
H2 to the reaction media was based on the production of compounds with high carbon
number. Products with low carbon number were not quantified as explained above in the
reactions at different CO2:H2O mole ratios.
Tian et al. (2007) proposed the formation of H2 as the rate-limiting step in the
production of phenol. Nevertheless, as is illustrated in Figure 5.3, the addition of H2
to this particular reaction media did not facilitate the formation of products with high
carbon number, such as heptanal and 2-octanone. Indeed, the concentration of these
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products decreased in comparison to a reaction conducted in the absence of the addition
of gas phase H2. However, the production of dissociated hydrogen (H) could still be the
rate-limiting step. In terms of future work, this could be explored with a bi-functional
catalyst containing e.g. Pd to facilitate H2 dissociation.
However, Figure 5.3 shows that the pretreatment of the Fe powder catalyst with H2
increased the concentration of products with high carbon content, both straight-chained
compounds and cyclic ketones. In addition to enhanced production of heptanal and
2-octanone, butanal was also detected with a concentration just below 0.5 mmol/L. In
agreement with these results, Hardy & Gillham (1996) reported the positive effect of the
pretreatment of Fe catalysts with H2 to increase hydrocarbon concentrations, suggesting
that H2 might act as a reactant in the reduction of CO2 in aqueous solution. The H2
pretreatment may improve the adsorption of the H2 on the catalyst surface and, therefore,
enhance its reactivity. However, the adsorption of the H2 present in the gas phase mixed
with CO2 might be limited.
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Figure 5.3: Products with high carbon number in the presence of H2 and after the pretreatment of the
catalyst with H2. Reaction conditions: T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h and
0.56 g of Fe powder catalyst.
In contrast to the production of products with high carbon content, the addition of
H2 to the media appeared to be a better strategy than the H2 pretreatment to enhance CO2
conversion (Table 5.7). Higher concentrations of H2 in the media may have reacted with
the CO2 by reverse water gas shift (RWGS) reaction promoting the production of CO, as
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shown in Table 5.7. However, the H2 pretreatment of the catalyst may have favoured the
dissociation of the H2 under reaction conditions, and thus, enhancing the production of
longer straight-chained products.
The highest conversion was reached in the absence of H2 pretreatment of the
catalyst or H2 addition to the media. The CO2 may have been transformed to
short chained products such as methanol, ethanol and acetone. Also, it might form
carbonaceous depositions over the catalyst. Thus, H2 treatments were not considered
in successive reactions.
Table 5.7: CO2 conversion and gas phase composition in the presence of H2 and after pretreatment of the
catalyst with H2. Reaction conditions: T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h and
0.56 g of Fe powder catalyst.
Reaction XCO2 [%] Gas phase composition
H2 pretreatment* 4.6 CO2, H2, H2O and formaldehyde
H2 in the media 9.3 CO2, CO, H2, H2O, acetaldehyde, formaldehyde
and ethylene
Standard reaction 15.9 CO2, H2, H2O and acetaldehyde
*Acetaldehyde was not detected because m/z = 43 was not scanned.
5.3.3 Optimisation of the reaction temperature
The evolution of liquid product distribution with temperature is shown in Figure
5.4. It is worth noting that the production of products with low carbon number
(Figure 5.4a) was generally higher than the production of compounds with high
carbon number (Figure 5.4b). Overall, there was a significant upward trend in liquid
products concentration with an increase in temperature. Methanol was the major
product detected. From 250 ◦C to 300 ◦C, methanol concentration enhanced from
0.60 mmol/L to 2.13 mmol/L. However, from 300 ◦C to 350 ◦C, a modest rise was
observed. Notwithstanding being the major product at higher temperature, methanol was
not produced at 200 ◦C. At this temperature, only acetone and heptanal were produced
and only in low concentrations of ca. 0.05 mmol/L in both cases. Ethanol and acetone
were obtained in similar quantities at 300 ◦C. Nevertheless, at 350 ◦C the concentration
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of ethanol decreased whereas there was more than a two-fold enhancement in acetone
production.
These results regarding methanol production differ from the formation of methanol
by CO2 hydrogenation in the presence of ethanol as solvent over Cu catalysts. Fan et al.
(1999) reported that, overall, methanol production proceeded by an exothermic reaction.
Hence, methanol yield decreased at high temperatures. Moreover, Bansode et al. (2013)
also reported that in the hydrogenation of CO2 to methanol over a Cu/Al2O3 catalyst,
low temperatures enhanced methanol formation. These results suggest that in this work
the reaction path for methanol synthesis may be different from that proposed above.
Indeed, Fan et al. (1999) proposed the formation of ethyl formate as an intermediate.
Furthermore, Li et al. (2015) also stated that in the hydrogenation of CO2 to methanol,
moderately low temperatures enhance the selectivity to methanol avoiding side and
reverse reactions. However, Ma et al. (2009) claimed that although low temperatures
may favour the reaction progress from a thermodynamic point of view (∆H25 ◦C =
-90.70 kJ/mol), temperatures higher than 240 ◦C may facilitate CO2 activation and thus,
enhance methanol production.
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(a) Products with low carbon number.
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(b) Products with high carbon number.
Figure 5.4: Liquid products at different reaction temperatures. Reaction conditions: CO2:H2O mole ratio
= 0.26, reaction time = 4 h and 0.56 g of Fe powder catalyst.
From Figure 5.4b, it is observed that heptanal was the most abundant compound
among products with high carbon number. Like methanol, the concentration of heptanal
underwent a sudden increase from 250 ◦C to 300 ◦C. In contrast, from 300 ◦C to 350 ◦C,
the rise in heptanal concentration was more moderate, increasing by 50 %. 2-Octanone
was obtained in significant quantities at temperatures between 250 ◦C and 350 ◦C.
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However, cyclic ketones from five to seven carbons were only detected in trace amounts
at the highest temperature investigated.
Table 5.8 shows the gas phase products distribution at the four reaction
temperatures tested. It is worth noting that the organic products named in Table 5.8
represented ≤ 0.5 % mole composition of the gas phase at the end of the reaction.
Acetaldehyde was the most abundant product in all cases. A noticeable feature observed
was the formation of hydrocarbons such as methane and ethylene exclusively at high
temperatures.
Carbon dioxide conversion values shown in Table 5.8 revealed that CO2 conversion
remained relatively constant in the range of temperatures explored regardless the product
range which enhanced with the rise of temperature. Only a slight increase was observed
at 300 ◦C. In light of this apparent inconsistency between CO2 conversion and organics
production, it is important to remark that: (i) according to Appendix G, the error in
gas analysis by MS is just above 15 %, thus most of the CO2 conversions varied in a
range between 3 % and 4 %; (ii) products obtained at higher temperatures such as cyclic
ketones or hydrocarbons were detected in low concentrations, hence they did not affect
the conversion and (iii) the formation of carbon deposits on the catalyst surface were not
quantified; therefore, the enhancement in CO2 conversion at 300 ◦C could be due to the
production of coke.
Table 5.8: CO2 conversion and gas phase composition at different reaction temperatures. Reaction
conditions: CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of Fe powder catalyst.
Temperature [◦C] XCO2 [%] Gas phase composition
200 3.6 CO2, H2, H2O, acetaldehyde, formaldehyde and
formic acid
250 3.5 CO2, H2, H2O, acetaldehyde, formaldehyde and
formic acid
300 4.8 CO2, H2, H2O, CH4, acetaldehyde, formaldehyde
and formic acid
350 3.5 CO2, H2, H2O, CH4, acetaldehyde, formaldehyde,
formic acid and ethylene
Although at higher temperatures more H2 was consumed in the formation of
products, there appeared to be a clear upward trend in the H2 present in the gas phase
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with reaction temperature as shown in Table 5.9. Therefore, high temperatures might
have favoured water splitting. It is worthy to note that the H2 quantified in Table 5.9 is
the difference between the hydrogen produced during reaction and the hydrogen involved
in the formation of products.
Table 5.9: H2 in the gas phase at different reaction temperatures. Reaction conditions: CO2:H2O mole
ratio = 0.26, reaction time = 4 h and 0.56 g of Fe powder catalyst.
Temperature [◦C] H2 [mmol]
200 0.62
250 0.52
300 1.70
350 1.87
The temperature selected as optimal for further investigations was 300 ◦C.
Although methanol production was higher at 350 ◦C, the difference considering the error
bar was not significant. Moreover, selecting as mild conditions as possible are always
desired from the technical point of view.
5.4 Conclusions
The aim of the experimentation described in this chapter was to optimise the
reaction conditions to enhance CO2 conversion and the production of target substances
such as methanol. At the same time, different analytical methods were tested in order to
improve product identification and quantification, both in the liquid and gas phases.
After analysis, the most suitable conditions to succeed in the hydrothermal
conversion of CO2 were a temperature of 300 ◦C and a CO2:H2O mole ratio of 0.26,
which was equivalent to 7 mL of H2O and 25 barg of CO2, measured at room temperature.
Furthermore, the reaction may be performed in the absence of the addition of gas phase
H2. Under these conditions, long straight-chained oxygenates not previously reported
in literature, such as heptanal and 2-octanone, were synthesised. Moreover, catalyst
pretreatment, very often used in CO2 hydrogenation (Bansode et al., 2013; Kangvansura
et al., 2016), exhibited low ability to enhance CO2 conversion under hydrothermal
conditions.
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In regard to the analytical methods, the GC temperature program proposed in
Table 5.2 was suitable for the identification and quantification of methanol and acetone.
However, to increase accuracy in ethanol evaluation, further method development was
required. Indeed, the optimised method for ethanol quantification will be described in
Chapter 6. On the other hand, the method shown in Table 5.1 exhibited good performance
for the qualitative and quantitative analysis of products with high carbon number. The
combination of ions and detectors detailed in Table 5.4 was selected for the analysis of
the gas phase in further experiments, since it enables the identification of compounds
with low concentrations. Finally, the use of a pressure transducer proved critical for a
rigorous calculation of CO2 conversion.
The main parameters influencing the hydrothermal conversion of CO2 (reaction
temperature and CO2:H2O mole ratio) over Fe powder catalyst were optimised in this
chapter. Once the temperature was set to 300 ◦C and the CO2:H2O mole ratio to 0.26,
Chapter 6 will seek to address the effect of the media conditions. Particularly, alternative
solvents to water such as methanol and isopropanol will be investigated. Furthermore,
in line with Chapter 4, which suggested the importance of the air in the reaction media,
different CO2:air mole ratios will be explore in Chapter 6 to identify the role of air in the
reaction outcome.
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6.1 Introduction
The optimisation of reaction parameters was investigated using water as solvent
in Chapter 5 concluding that the optimal reactions conditions identified were: T =
300 ◦C, PCO2 = 25 barg and VH2O = 7 mL in the absence of the addition of gas phase
H2. In heterogeneous catalysis, the selection of the solvent, pure or mixed, is also a key
parameter (Akpa et al., 2012). Moreover, in the absence of addition of gas phase H2, the
solvent must act also as the hydrogen source. Solvents such as cyclohexanone, ethanol,
isopropanol and formic acid among others have been used in heterogeneous catalytic
hydrogenation reactions (Johnstone et al., 1985).
In this chapter, the conversion of CO2 and the outcome of the reaction were studied
based on the use of different solvents: methanol, isopropanol and their mixtures with
water. Isopropanol can be regarded an environmentally hydrogen source. Furthermore,
it is non toxic (Ikariya & Blacker, 2007). The feasibility of isopropanol as a hydrogen
donor has been investigated in different systems including the hydrogenation of ketones
(Ikariya & Blacker, 2007). Although the decomposition of methanol to hydrogen and
formaldehyde is an endothermic reaction (∆HR, 700 ◦C = 92.7 kJ/mol) (Ruf et al., 2001),
methanol has also been tested as hydrogen donor (Vasiliadou et al., 2015).
Moreover, as stated in Chapter 4, the oxidation state of Fe in the catalyst may be
critical in the reaction progress and, therefore, air may modify catalyst activity under
reaction conditions. Hence, in this chapter, different CO2:air mole ratios were explored
to test the effect of the air in the media. Finally, the suitability of Fe powder as a
hydrogenation catalyst was studied using the hydrogenation of 2-butanone to 2-butanol
as an example reaction with two aims: (i) to compare the performance of Fe powder
catalyst with Pt catalyst in H2 dissociation at 30 ◦C and (ii) to confirm that the concept of
using H2O as a H2 source under hydrothermal conditions at 300 ◦C is feasible by studying
a more facile reaction.
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6.2 Materials and methods
6.2.1 Materials
The catalysts employed were Fe powder (≥ 99 %, Sigma Aldrich) and platinum
(0.5 % on 1/8 alumina pellets, Across Organics). CO2 (purity 99.99 %) and H2 (minimum
purity 99.995 %) were purchased from BOC and used without further purification.
The solvents employed as hydrogen sources were distilled water (produced in an Elga
reservoir), methanol (≥ 99.8 %, Sigma Aldrich) and isopropanol (≥ 99.8 %, Sigma
Aldrich).
6.2.2 Methods
6.2.2.1 CO2 hydrothermal reaction
Effect of different solvents
The reaction was conducted following the method described in Section 3.2.2.
The solvents tested were: distilled water, methanol and isopropanol. Mixtures of
30 mol% methanol in water and 10 mol% of isopropanol in water were also investigated.
These mole percentages were selected based on the highest degree of structuring of
hydrogen-bonded alcohol/water networks calculated by Li et al. (2014) as this will
readily demonstrate any influence of the non-ideality of alcohol/water mixtures. The
volume of pure solvent or mixture of solvents used was 7 mL in all cases.
Effect of different CO2:air mole ratios
The CO2:air mole ratios explored were: 1.9, 2.6, 4.2, 7.6 and 25.0. Prior to
the addition of CO2, the air was charged. The total initial pressure in the system was
maintained at approximately 25 barg. After loading the gases, the reaction proceeded as
aforementioned in Section 3.2.2.
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Fe powder as hydrogenation catalyst
2-butanone hydrogenation to 2-butanol was the system selected to test the
suitability of Fe powder as a hydrogenation catalyst. This study consisted of three
experiments: (i) 2-butanone was hydrogenated over a platinum (0.5 %, on alumina
pellets) catalyst to probe the reproducibility of the method adapted from Akpa et al.
(2012) . (ii) The reaction was repeated substituting the platinum catalyst by Fe powder
and (iii) 2-butanone was reacted under the optimal hydrothermal conditions found in
Chapter 5 over Fe powder catalyst.
To hydrogenate 2-butanone over platinum, the catalyst was ground before
introducing it into the reactor. The reaction conditions were adapted from Akpa et al.
(2012). Approximately 0.26 g of platinum catalyst and 65 mL of distilled water were
charged in the reactor described in Figure 3.1. Subsequently, He was fluxed three times
to purge the system. Thereafter, the temperature was adjusted at 30 ◦C and a mixture of
2 mL of 2-butanone and 0.66 mL of distilled water was introduced in the reactor through
the charging valve, using a syringe to avoid air entering the system (see Figure 6.1). After
the addition of 2-butanone, ca. 5 bar of H2 was loaded in the reactor after fluxing with H2
twice. Finally, the mixer was set at 1400 rpm and the reaction proceeded for a duration
of 4 h. When the reaction was completed, the reactor was opened to collect the liquid
sample. The method was repeated using Fe powder as catalyst.
Figure 6.1: Syringe and septum used to charge the reactor through the charging valve avoiding the
introduction of air.
88
Chapter 6. Effect of the media conditions
For the hydrogenation of 2-butanone at high temperature, the optimal hydrothermal
conditions used for the conversion of CO2 were reproduced. Thus, 0.56 g of Fe powder
catalyst were charged in the reactor along with 7 mL of distilled water. The system was
purged with He. A mixture of 2 mL of 2-butanone and 0.66 mL of water was introduced
using a syringe (Figure 6.1). Thereafter, the reactor was pressurised with approximately
8 bar of He. The reactor was heated to 300 ◦C. When the temperature reached ca. 285 ◦C,
the mixer was stirred at 600 rpm. After 4 h of reaction, the stirrer was stopped and the
reactor was cooled down in an ice bath. Liquid sample was collected after opening the
reactor.
6.2.2.2 Analysis of liquid and gas phase products
Liquid samples were analysed by a gas chromatographer-mass spectrometrer
(GCMS) using the methods described in Table 5.2 and Table 5.1 for products with low (≤
C3) and high carbon number (> C3) respectively. It was observed in previous experiments
(Chapter 5) that ethanol was detected in low concentrations. In order to facilitate ethanol
quantification, liquid samples were also analysed with the method depicted in Table 6.1.
The split ratio was 20, hence the amount of sample injected in the GC column was greater
than when higher split ratios were used. For the analysis of compounds with low carbon
content, 0.5 µL of sample was injected whereas 1 µL of sample was injected for higher
products.
Table 6.1: Oven temperature program for GCMS analysis of liquid samples. Conditions: linear velocity =
30 cm/s, SR = 20 and m/z = 29-43.
T rate [◦C] Final T [◦C] Hold time [min]
- 40 1.00
5 63 1.00
5 100 0
15 220 0
The liquid samples resulting for the hydrogenation of 2-butanone to 2-butanol at
30 ◦C were analysed by GCMS with the method depicted in Table 5.1. In the case of the
hydrogenation of 2-butanone at high temperature, before the GCMS analysis, 0.1 mL of
sample was diluted in 1 mL of distilled water.
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Gas phase products were analysed by MS (Hiden analytical) using MID mode.
The ions scanned are presented in Table 5.4. Ions 12 and 22 were also scanned since
they are present in CO2 fragmentation pattern (Table H.3). Details for the identification
of gas products and the calculation of the conversion of CO2 are included in Appendix
E. When methanol, isopropanol and their mixtures with water were used as solvents,
the methodology for the the quantification of the number of moles of CO2 in the liquid
phase required for the calculation of the conversion of CO2 was modified. The changes
conducted are explained in Appendix F.
6.3 Results and discussion
6.3.1 Effect of different solvents
Carbon dioxide was reacted at 300 ◦C over Fe powder catalyst for a duration of 4 h
using different solvents. Identification and quantification of products with low carbon
number such as methanol, ethanol and acetone was hindered by the use of methanol
as solvent. When isopropanol was used as a solvent, either pure or mixed with H2O,
acetone was detected. However, it could not be quantified owing to the retention
time of both acetone and isopropanol being very close. Methanol production using a
mixture of isopropanol and water reached approximately 4 mmol/L, which was double
the production obtained with pure water. In contrast, with pure isopropanol, methanol
synthesis dropped to 0.8 mmol/L.
The most noticeable feature of the use of alcohols as solvents is the production of a
considerably number of products with long retention times and, therefore, higher carbon
content than products identified in Chapters 4 and 5 (Figure 6.2). The identification
of these products requires further research. However, four main conclusions can be
made observing Figure 6.2: (i) pure alcohols formed heavier products, whereas only
the mixture of methanol and water exhibited a small peak at ca. 18 min. (ii) Based
on the retention time, these heavy products may contain more than nine carbons. (iii)
Isopropanol produced more species with retention times shorter than 20 min compared
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to methanol and (iv) methanol significantly enhanced the concentrations of compounds
with retention times between 23 min and 24 min.
Figure 6.2: Chromatograms of products with high carbon number obtained with different solvents.
Reaction conditions: T = 300 ◦C, PCO2 = 25 barg, Vsolvent = 7 mL, reaction time = 4 h and 0.56 g of Fe
powder catalyst.
Since these heavy products were not identified when water or mixtures of alcohol
and water were used, reaction outcome analysis was based on the production of heptanal
and 2-octanone. Figure 6.3 shows the effect of the solvent employed in the concentrations
of heptanal and 2-octanone.
From Figure 6.3, it is immediately apparent that methanol and isopropanol, either
pure or mixed with water, favoured the production of heptanal and 2-octanone. Moreover,
the enhancement due to the presence of methanol was significantly higher than that
of isopropanol. By comparing pure alcohols with their mixtures, it was clear that
the concentration of 2-octanone remained approximately constant whereas the mixtures
with water significantly enhanced the production of heptanal. This increase in heptanal
production was notably higher for the methanol/water mixture, yielding a concentration
of 4 mmol/L.
The aforementioned results are consistent with the work of Xiang et al. (2010)
who reported the positive role of water in enhancing hydrogen transfer from methanol.
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Moreover, Xiang et al. (2010) concluded that in the presence of water, methanol displays
a better behaviour than isopropanol as a hydrogen source.
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Figure 6.3: Concentration of heptanal and 2-octanone obtained with different solvents. Reaction
conditions: T = 300 ◦C, PCO2 = 25 barg, Vsolvent = 7 mL, reaction time = 4 h and 0.56 g of Fe powder
catalyst.
The composition of the gas phase and the conversion of CO2 using different
solvents is shown in Table 6.2. The solubility of CO2 in the water/alcohol mixtures was
not considered in the calculation of the conversion of CO2 since the ratio water/alcohol at
the end of the reaction could not be determined (see Apendix F). On the other hand, the
presence of methane using methanol and isopropanol as solvents could not be confirmed,
as m/z = 15 used to identify methane is also present in methanol and isopropanol mass
spectra.
The highest CO2 conversion reached was 13.8 % using a mixture of methanol and
water as solvent. Under these conditions 1.05 mmol of CO were produced (Table 6.2).
In the other cases, although Fe powder was used as catalyst and the temperature was
300 ◦C, CO was not detected. It could have been possible that in this particular case,
the temperature during reaction was higher than the target 300 ◦C due to a thermocouple
failure and, thus, favouring the formation of CO. Table 6.2 also shows that ethylene was
not detected in the presence of methanol.
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Table 6.2: CO2 conversion and gas phase composition using different solvents. Reaction conditions: T =
300 ◦C, PCO2 = 25 barg, Vsolvent = 7 mL, reaction time = 4 h and 0.56 g of Fe powder catalyst.
Solvent XCO2 [%] Gas phase composition
H2O 6.8 CO2, H2, H2O, CH4, acetaldehyde, formaldehyde,
formic acid and ethylene
Methanol 2.5 CO2, H2, acetaldehyde, formaldehyde and methanol
Methanol + H2O 13.8 CO2, CO, H2, H2O, acetaldehyde, formaldehyde,
formic acid and methanol
Isopropanol 2.7 CO2, H2, acetaldehyde, formaldehyde, formic acid,
ethylene, methanol, isopropanol and acetone
Isopropanol + H2O 1.1 CO2, H2, H2O, acetaldehyde, formaldehyde, formic
acid, ethylene, methanol, isopropanol and acetone
From Table 6.3 is clear that the amount of H2 detected in the gas phase after reaction
is higher for those systems which contained water. Thus, this may indicate that most of
the H2 was formed from water splitting.
Table 6.3: H2 detected in the gas phase using different solvents. Reaction conditions: T = 300 ◦C,
PCO2 = 25 barg, Vsolvent = 7 mL, reaction time = 4 h and 0.56 g of Fe powder catalyst.
Solvent H2 [mmol]
H2O 1.99
Methanol 0.64
Methanol + H2O 2.85
Isopropanol 0.19
Isopropanol + H2O 1.44
Although there was a significant production of liquid heavy species using pure
alcohols as solvents (Figure 6.2), the conversion of CO2 was lower than when water was
the selected solvent, as Table 6.2 shows. These findings suggest that these products
might have been synthesised taking the alcohol as the carbon source instead of the
CO2. It is worth mentioning that methanol has been converted to products with high
carbon content through the methanol-to-hydrocarbons (MTH) (Yarulina et al., 2016),
the methanol-to-olefins (MTO) (Zhang et al., 2016a) and the methanol-to-gasoline
(MTG) (Li et al., 2015a) processes over zeolites such as ZSM-5 or H-SAPO-34.
Moreover, Hsiao & Lin (2007) synthesised C2 to C9 oxygenates from methanol over
a Cu-ZnO/Hydrotalcite catalyst at atmospheric pressure.
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Figure 6.4 provides overwhelming confirmation to the hypothesis about the role of
methanol as the carbon source. Figure 6.4 compares the production of organics using
pure methanol as solvent in the presence and absence of CO2; in the later case, the
system was pressurised with He. In the absence of CO2, the synthesis of species with
very high carbon number (≥ 9) was observed. However, it is worth highlighting that CO2
enhanced the production of these products (Figure 6.4). Hsiao & Lin (2007) proposed
that the conversion of methanol to higher oxygenates may occur via the condensation
of intermediates such as formaldehyde and formyl rather than via the decomposition of
methanol into CO and H2 followed by a higher-alcohol synthesis (HAS) route. Therefore,
in this case, CO2 may promote the formation of the reaction intermediates, and thus, via
subsequent condensation, enhance the production of higher oxygenates.
Figure 6.4: Chromatogram of products with high carbon number using methanol as solvent. Reaction
conditions: T = 300 ◦C, VMeOH = 7 mL, reaction time = 4 h and 0.56 g of Fe powder catalyst. The system
was pressurised either with CO2 or He.
6.3.2 Effect of different CO2:air mole ratios
Before loading the CO2, air was added to the reactor in different concentrations,
maintaining the total initial pressure at approximately 25 barg. After 4 h of reaction over
Fe powder catalyst, it was observed that the air significantly enhanced the production
of products with low carbon number (≤ 3). However, air inhibited the formation
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of compounds with higher carbon content and organics such as pentanal, heptanal,
cyclohexanone and 2-octanone were only detected under the addition of 1 bar of air. At
CO2:air mole ratios of 1.9 and 2.6, corresponding with the higher concentrations of air,
the formation of a nitrogen compound was detected, although it presented a low peak
area.
Figure 6.5 shows the evolution in products with low carbon number as the CO2:air
mole ratio increases. For comparison, results obtained in the absence of air were also
included. On the basis of Figure 6.5, it is immediately apparent that low CO2:air mole
ratios enhanced the production of methanol as compared to both high ratios and to the
absence of air. This rise in methanol concentration was particularly noticeable for a
ratio of 1.9, which corresponded to the addition of ca. 10 bar of air. Acetone was also
synthesised in higher concentrations at this ratio. Moreover, ethanol was not produced in
the absence of air. Thus, air may favour the production of alcohols.
CO2:air mole ratios of 2.6 and 4.2 exhibited comparable product distribution. In
comparison, methanol production decreased whereas the amount of acetone and ethanol
increased at a ratio of 7.6. In comparison to the absence of air, the addition of 1 bar of air
(CO2:air ratio = 25.0) increased the synthesis of acetone and promoted the formation of
ethanol while methanol concentration remained approximately constant.
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Figure 6.5: Liquid products with low carbon number at different CO2:air mole ratios. Reaction
conditions: T = 300 ◦C, VH2O = 7 mL, PCO2+air = 25 barg, reaction time = 4 h and 0.56 g of Fe powder
catalyst.
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Analysis of the gas phase of reactions under aerobic conditions was conducted
following the method described in Appendix E. The results are summarised in Table 6.4
and Table 6.5. The organic products in the gas phase represented ≤ 1 mol%. In general,
higher CO2 conversions were reached for lower CO2:air mole ratios, with the exception
of a ratio of 2.6 (Table 6.4). CO was only produced in low concentrations (ca. 33 µmol)
for a CO2:air mole ratio of 1.9.
Table 6.4: CO2 conversion and gas phase composition at different CO2:air mole ratios. Reaction
conditions: T = 300 ◦C, VH2O = 7 mL, PCO2+air = 25 barg, reaction time = 4 h and 0.56 g of Fe powder
catalyst.
CO2:air [mol] XCO2 [%] Gas phase composition
1.9 24.6 CO2, O2, N2, H2, H2O, CO, CH4, acetaldehyde,
formaldehyde, ethylene and methanol
2.6 11.3 CO2, O2, N2, H2, H2O, CH4, acetaldehyde,
formaldehyde, formic acid, ethylene and methanol
4.2 25.3 CO2, O2, N2, H2, H2O, CH4, acetaldehyde,
formaldehyde, formic acid, ethylene and methanol
7.6 19.6 CO2, O2, N2, H2, H2O, CH4, acetaldehyde,
formaldehyde, ethylene and methanol
25.0 10.2 CO2, O2, N2, H2, H2O, CH4, acetaldehyde,
formaldehyde, formic acid, ethylene and methanol
No air 6.8 CO2, H2, H2O, CH4, acetaldehyde, formaldehyde,
formic acid and ethylene
Carbon mass balances indicated that differences between initial and final amount
of carbon increased with the enhancement in CO2 conversions. Figure 6.6 compares
the TPO profiles obtained for two spent catalyst reacted under aerobic and anaerobic
conditions. The TPO pattern of the catalyst reacted in the presence of air exhibited a
slight shift to high temperature (Figure 6.6). However, both catalysts presented a peak
centered at approximately 750 ◦C with comparable peak area. Moreover, in both cases a
shoulder at the low temperature side of the peak was observed, revealing that the carbon
may have different crystallographic structure. Therefore, these results suggested that the
amount and morphology of carbon deposited on both catalysts was similar regardless
of the air concentration in the media. Thus, the large discrepancies observed in carbon
balances may indicate that MS is not accurate in gas analysis for mixtures containing
large concentrations of air.
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Figure 6.6: TPO profiles of spent Fe powder catalyst under aerobic and anaerobic atmosphere. Reaction
conditions: T = 300 ◦C, VH2O = 7 mL, Pinitial = 25 barg, reaction time = 4 h and 0.56 g of Fe powder
catalyst.
Under aerobic conditions, the amount of H2 in the gas phase gradually increased
with an increase in CO2:air mole ratios. However, in the absence of air the concentration
of H2 was lower compared to a CO2:air mole ratio of 25.0, equivalent to 1 bar of air
(Table 6.5). The production of hydrocarbons such as methane and ethylene was enhanced
at CO2:air mole ratios of 4.2 and 7.6.
Table 6.5: H2 and hydrocarbons detected in the gas phase at different CO2:air mole ratios. Reaction
conditions: T = 300 ◦C, VH2O = 7 mL, PCO2+air = 25 barg, reaction time = 4 h and 0.56 g of Fe powder
catalyst.
CO2:air [mol] H2[mmol] CH4 [µmol] C2H4 [µmol]
1.9 1.02 16.83 38.10
2.6 1.28 14.16 33.29
4.2 1.35 23.16 43.44
7.6 1.40 27.32 48.88
25.0 2.54 15.09 20.28
No air 1.99 13.31 17.52
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6.3.3 Fe powder as a hydrogenation catalyst
Figure 6.7 demonstrates that 2-butanone was effectively hydrogenated to 2-butanol
at 30 ◦C over Pt catalyst employing the method adapted from Akpa et al. (2012).
Moreover, the substitution of Pt catalyst by Fe powder also yielded 2-butanol, although
in lower concentrations. Hence, it might be concluded that Fe powder can be used as a
hydrogenation catalyst.
The ability of Fe powder to hydrogenate 2-butanone at high tempererature was
explored reproducing the conditions employed for the hydrothermal conversion of
CO2. Hence, the concentration of 2-butanone in water was higher than at 30 ◦C. As a
consequence of this large concentration, 2-butanol peak could not be identified in the GC
chromatogram. Thus, the hydrogenation of 2-butanone under such conditions could not
be confirmed.
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Figure 6.7: Hydrogenation of 2-butanone to 2-butanol over Pt and Fe catalysts. Reaction conditions: T =
30 ◦C, VH2O = 65 mL, reaction time = 4 h and 0.26 g of catalyst.
6.4 Conclusions
This chapter explored the influence of the media conditions in the outcome of
the hydrothermal conversion of CO2 using Fe powder as catalyst. The most significant
conclusion to emerge from this study is that both the solvent and the presence/absence of
air in the reaction media are key parameters to tailor product distribution.
98
Chapter 6. Effect of the media conditions
Methanol, isopropanol and their mixtures with water have been evaluated as
solvents for the hydrothermal conversion of CO2 at 300 ◦C. It was demonstrated that these
solvents enhanced the production of liquid straight-chained products such as heptanal and
2-octanone as compared to water. Indeed, the methanol and water mixture showed the
highest heptanal concentration of 4 mmol/L. The detection of products with low carbon
content, usually detected under hydrothermal conditions, such as methanol, ethanol and
acetone, was hindered when methanol was selected as a solvent. The use of isopropanol,
either pure or mixed with water as a solvent, prevented the quantification of acetone due
to the proximity of the retention times of both peaks.
On the other hand, the use of pure alcohols as solvents also resulted in the formation
of products with long retention times and, hence, with heavy carbon content. In the
absence of CO2 these species were also synthesised. However, it is to be highlighted,
that CO2 increased their production.
Different CO2:air mole ratios were explored concluding that air limited the
formation of products with high carbon number. However, it enhanced the production
of short chained products such as methanol and acetone. Furthermore, it was observed,
that under the reaction conditions investigated, ethanol was only produced in the presence
of air. In regard to products in gas phase, the production of hydrocarbons such as methane
and ethylene was favoured at intermediate CO2:air mole ratios.
Finally, the feasibility of conducting hydrogenation reactions using Fe powder as
catalyst at T = 30 ◦C was demonstrated using the hydrogention of 2-butanone to 2-butanol
as an example reaction. However, the use of a Pt catalyst enhanced the production of
2-butanol under identical reaction conditions. On the other hand, under hydrothermal
conditions at 300 ◦C, the suitability of Fe powder to hydrogenate 2-butanone into
2-butanol could not be confirmed, since the high concentration of 2-butanone impeded
the detection of 2-butanol.
After evaluating the effect of the reaction media conditions in the product
distribution and in the conversion of CO2, the next step was to evaluate the role of
different catalyst in the hydrothermal conversion of CO2. Therefore, Chapter 7 will
investigate the variations in the reaction outcome based on the use of various catalysts,
such as Fe-based catalysts, alumina, zeolites and carbons. In addition to analyse the
99
Chapter 6. Effect of the media conditions
reaction products, both the fresh and spent catalysts will be characterised in Chapter 7 to
correlate their properties with the performance of the reaction.
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7.1 Introduction
The focus of this chapter is to explore the variations in product distribution based
on different catalysts. The catalysts employed here in the hydrothermal conversion of
CO2 include Fe-based catalysts such as Fe powder, Fe oxides (Fe3O4 and Fe2O3), Fe
nanoparticles, ammonium Fe(III) citrate and Fe supported on carbons, zeolites (H-ZSM-5
and H-zeolite Y) and alumina. In addition to their role as supports, carbons, zeolites and
alumina (γ-Al2O3) were also tested as catalysts.
Fe-based catalysts have been widely used in the hydrogenation of CO2 as reported
in Section 2.3. Moreover H-ZSM-5 zeolite mixed with CuO-Fe2O3-CeO2 catalyst has
been tested at bench scale for the conversion of CO2 in one step to dimethyl ether
(Zhou et al., 2016). In addition, iron supported on H-Zeolite Y has been explored for
the hydrogenation of CO2 to hydrocarbons (Nam et al., 1999). Furthermore, different
zeolites were evaluated in the hydrothermal synthesis of phenol from CO2 by Tian et al.
(2010), although they did not exhibit significant phenol production. However, the role
of carbons and alumina in hydrogenation reactions has been limited to their performance
as supports (Wang et al., 2015; Garbarino et al., 2016; Puskás et al., 2016; Dai et al.,
2016). Therefore, the potential catalytic properties of carbons and alumina both as
supports and catalysts were explored in the hydrothermal conversion of CO2. Likewise,
zeolite properties as supports and catalysts were investigated. It is worth highlighting
that γ-Al2O3 and zeolites are unlikely to show long-term stability under hydrothermal
conditions, and thus, are not a viable catalyst for further development. However, the use
of these catalysts in the hydrothermal conversion of CO2 will provide useful information
regarding to if the support influences catalytic performance either through active sites on
the support acting in concert with the Fe or through altering the properties of the Fe by
dispersing it.
On the other hand, the main properties of zeolites and carbons as catalysts are also
briefly described in this chapter. Moreover, the effect of carbon deposits on catalysts is
also concisely explained.
The analysis of liquid and gas product distribution is divided into three groups due
to the large number of catalysts tested: (i) catalysts with a low BET surface area, (ii)
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zeolites and (iii) carbons. Ammonium Fe(III) citrate and Fe nanoparticles catalysts were
studied separately.
In addition, to study the product distribution resulting from the use of different
catalysts, this chapter also includes the characterisation of these materials. Specific
surface area measurements of fresh catalysts were conducted using N2 adsorption
isotherms. Fresh Fe-impregnated zeolites and carbons were also characterised by ICP.
The changes in morphology between fresh and spent catalysts were evaluated by SEM.
Spent Fe powder, Fe3O4 and Fe2O3 were also characterised by TPO and XRD. It is worth
noting that ammonium Fe(III) citrate and Fe nanoparticles were not characterised.
7.1.1 Carbons as catalysts
The use of carbon as a catalyst represents an attractive alternative due to its low
cost, its production from renewable carbon sources, its highly porous structure and in
the case where it is deactivated due to coke depositions, it can be used as solid fuel
(Mani et al., 2013; Poggi & Singh, 2016). Moreover, carbons present noticeable features
such as thermal and electrical conductivity, low density and chemical stability (Dai et al.,
2016). Prior to their use as catalysts, carbons need physical or chemical activation. The
physical process consists of activating the carbon using high-temperature steam or CO2
at temperatures between 800 ◦C and 1100 ◦C (Toles et al., 2000b; Tseng et al., 2003;
Kitano et al., 2009). In the chemical process, either a basic reagent, such as KOH or
NaOH (Evans et al., 1999), or a acidic reactant, e.g H3PO4, are mixed with the carbon
at temperatures between 300 ◦C and 700 ◦C (Toles et al., 2000a; Kitano et al., 2009).
The main advantages of chemical activation over physical activation are the use of a
lower temperature of pyrolysis and also that it results in carbons with higher surface area
(Lillo-Ródenas et al., 2003).
The use of carbon as a catalyst or catalyst support has been investigated in different
processes such as the decomposition of toluene (Mani et al., 2013), the production of
biodiesel (Dehkhoda et al., 2010) and thermal degradation of acetic acid (Poggi & Singh,
2016) among other examples.
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In this work, two commercially available carbons were used both as catalysts and
as catalysts supports impregnated with Fe: Activated Charcoal Norit® (Sigma Aldrich)
and Norit GSX steam activated, acid washed carbon powder (Alfa Aesar).
7.1.2 Zeolites as catalysts
Zeolites are defined as crystalline aluminosilicates with very high surface area,
strong acidity and high thermal stability. They also show shape selectivity directly related
to their microporous structure (Chal et al., 2011; Liu et al., 2016b). Natural zeolites have
been known for ca. 250 years. However, the use of zeolites in catalysis started in the
second half of the 20th century after synthetic zeolites were produced. Natural zeolites
are not suitable for industrial application since their composition depends on the deposit
and they always contain impurities (Weitkamp, 2000). The great advantage of the use of
synthetic zeolites is that the manipulation of their atomic structure causes modification
of the bulk properties, hence it is possible to influence their behaviour (Pérez-Ramírez
et al., 2008).
Zeolites are composed of SiO4 and AlO4 tetrahedra linked via oxygen atoms.
Channels, channel intersections and cages from circa 0.2 nm to 1 nm constitute the
framework of the zeolite. This structure contains water molecules and cations which
compensate the negative charge of the framework. The general chemical formula of a
zeolite is given below (Weitkamp, 2000):
Am+y/m[(SiO2)x · (AlO−2 )y] · zH2O
where A is a cation with the charge m, (x + y) is the number of tetrahedra per
crystallographic unit cell, x/y the silicon/aluminum ratio and z the number of water
molecules. According to IUPAC, zeolite pore sizes are classified in (IUPAC Gold Book,
2016):
micropores: 2.0 nm ≥ dp
mesopores: 2.0 nm < dp ≤ 50 nm
macropores: dp > 50 nm
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In microporous and mesoporous catalysts the activity is strongly dependent on mass
transfer, since the rate of the overall catalytic process is determined by the mobility of
adsorbed molecules (Kärger & Freude, 2002). Diffusion is the main mechanism of mass
transfer in microporous and mesoporous materials. It is worth noting that reactants enter
the pores while products abandon them, which can hinder molecular transport in the
pore system (Pérez-Ramírez et al., 2008). Most of the molecules involved in zeolite
catalysed reactions have similar dimensions as zeolite micropores, leading to three kinds
of selectivity: (i) reactant shape selectivity occurs when the reactants are not able to reach
the active sites; (ii) transition state selectivity takes place when a certain reaction route
is favoured over others as the pore size governs the reaction intermediates that can be
produced and (iii) product selectivity when reaction products are not able to abandon the
pores. In addition to reducing reaction rate, diffusion limitation may also contribute to
catalyst deactivation by pore blocking or coke formation. Diffusion limitations may also
appear in systems where the micropores are larger than the molecules (Wei et al., 2015).
Zeolites are widely used in the petroleum and petrochemical industry and in the
synthesis of fine chemicals, although the use of zeolites in the latter field is still limited
(Davis, 1998; Weitkamp, 2000; Vermeiren & Gilson, 2009). In this work, two different
types of zeolites were used: ZSM-5 (framework type MFI) and zeolite Y (framework
type faujasite). Figure 7.1 shows these types of frameworks.
Zeolite Y (faujasite aluminosilicate) is commercially used in the adsorption of
volatile organics from wet off-gas streams and in the field of fluid catalytic cracking
(Karami & Rohani, 2009). ZSM-5 zeolite is commonly used in the synthesis of
olefins from methanol conversion through the so called Methanol-to-Olefins (MTO)
process (Zhang et al., 2016b) and in the Methanol-to-Gasoline (MTG) process (Li et al.,
2015b). Particularly, Fe-ZSM-5 has gained great attention for the reduction of N2O
using hydrocarbons as reductant (Pophal et al., 1997) or using NH3 in the presence of
O2 (Mauvezin et al., 1999); for the selective catalytic reduction of NO and N2O with
hydrocarbons (Kögel et al., 1999) and in the oxidation of benzene to phenol (Panov
et al., 1998).
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(a) MFI framework type. (b) Faujasite framework type.
Figure 7.1: Framework types of the zeolites used in this work (International Zeolite Association, 2016).
7.1.3 Catalyst deactivation
During heterogeneous catalytic reactions conducted in the presence of a carbon
source, catalysts may be deactivated by the poisoning of the active sites and/or blocking
of catalyst pores due to the formation of coke. This can be defined as a mixture of
hydrogen-deficient carbonaceous residues formed on the surface of the catalyst (Bär
et al., 2002; Chen & Manos, 2004). The type of catalyst, the reactor feed composition
and the reaction conditions affect the formation of coke (Martín et al., 2005). Indeed,
the composition of coke is strongly dependent on the reaction temperature: (i) low
temperature coke, formed at temperatures lower than 200 ◦C; (ii) high temperature coke
formed at temperatures higher than 350 ◦C and (iii) intermediate temperature coke,
produced by both mechanisms (Guisnet & Magnoux, 2001).
The main consequences of carbon deposition are a decrease in catalytic activity and
a modification of the selectivity. Hence, limiting and preventing coke deposition, as well
as designing a regeneration method, are critical points in catalytic industrial processes
(Martín et al., 2005). The understanding of the kinetics of coke combustion eases the
design of the regeneration procedure. A number of factors control the kinetics: amount
of coke, coke particle size and distribution, H/C ratio, coke morphology and location
of the coke (Sánchez et al., 2009). However, the presence of coke in heterogeneous
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catalysts is not always detrimental and carbonaceous deposits can exhibit catalytic
activity (McGregor et al., 2010).
Identification of carbonaceous deposits is a challenging task owing to the number
of compounds present (Martín et al., 2005). Therefore, several techniques have
been proposed for coke characterisation: infrared spectroscopy (IR), ultraviolet and
visible spectroscopy (UV-Vis), terahertz time-domain spectroscopy (THz-TDS), electron
spin resonance (ESR), carbon 13 nuclear magnetic resonance (13C NMR), differential
scanning calorimetry (DSC), differential thermal analysis (DTA), temperature- programmed
oxidation (TPO) and thermo-gravimetric analysis (TGA) among others (Guisnet &
Magnoux, 2001; Sánchez et al., 2009; McGregor et al., 2010). In this work, carbon
depositions were characterised by TPO.
7.2 Materials and methods
7.2.1 Materials
Fe-based catalysts employed in this set of experiments included Fe powder
(≥ 99 %, Sigma Aldrich), Fe2O3 (99 % metal basis, Alfa Aesar), Fe3O4 (97 % metal
basis, Alfa Aesar), ammonium Fe(III) citrate (Sigma Aldrich) and Fe nanoparticles
synthsised by MSc student Markus Still. Moreover, Fe supported catalysts were also
investigated: Fe/Al2O3 (35 %, Johnson Matthey), Fe supported on Activated Charcoal
Norit® (Sigma Aldrich) and on Norit GSX steam activated, acid washed carbon powder
(Alfa Aesar). Zeolites such as H-ZSM-5 extrudate (SiO2:Al2O3 mole ratio = 1:38, ACS
material) and H-zeolite Y powder, (SiO2:Al2O3 mole ratio = 5.1:1, Alfa Aesar) were
also tested as supports. These materials were used as catalysts as non Fe-based catalysts
along with alumina Puralox SBa200 (Sasol) which contained 87 ppm of Fe2O3 among
other impurities.
7.2.2 Methods
In this section, the methods used for the preparation of supported zeolites and
carbons are described. An aqueous solution of Fe(NO3)3·9H2O (≥ 98 %, Sigma Aldrich)
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was the Fe source. Furthermore, a brief description of the synthesis of Fe nanoparticles
conducted by Markus Still is included. The methods employed for analysing the liquid
and gas products are also summarised.
7.2.2.1 Synthesis of Fe nanoparticles
Details for the synthesis of Fe nanoparticles can be found in Still (2016). Briefly,
11.12 g of FeSO4·7H2O was dissolved in 100 mL of distilled water in a round bottomed
flask of 1 L capacity. Separately, 3.02 g of NaBH4 was dissolved in 200 mL of H2O
and placed in an ice bath for 10 min to 15 min. The FeSO4 solution was mixed at
approximately 450 ppm. Once the NaBH4 solution was cold, it was added to the round
bottomed flask in small quantities to avoid excessive effervescence. When the reaction
stopped, the mixture was vacuum filtered. Thereafter, the filtered solid was washed
with 200 mL of distilled water and 100 mL of isopropanol. Finally, the solid was dried
overnight under vacuum.
In-situ reduction of Fe nanoparticles
It was observed that Fe nanoparticles underwent oxidation when in contact with air.
Hence, in addition to testing them without further treatment, they were also evaluated
after in-situ reduction. The reduction method consisted of two steps. In the first step,
approximately 0.56 g of Fe nanoparticles was charged in the autoclave (Figure 3.1)
and H2 was circulated three times to purge the air inside the autoclave. Thereafter,
approximately 6 bar of H2 was loaded and the temperature was increased to 350 ◦C. Once
the temperature reached 300 ◦C, the mixer was set at 600 rpm. After approximately 12 h,
H2 was discharged. Maintaining the temperature at 350 ◦C and continuing the mixing,
the second step consisted of passing a flow of approximately 10 mL/min of H2 through
the catalyst for 1 h. Finally, the reactor was cooled down and the water was injected
through the charging valve using a septum as illustrated in Figure 6.1 to avoid the entrance
of oxygen into the system. Once the water was loaded, the hydrothermal reaction was
conducted according to the method detailed in Section 3.2.2.
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7.2.2.2 Impregnation of carbons
Fe-carbon synthesis was inspired by the method proposed by Wei et al. (2011).
5 g of activated carbon was mixed with 50 mL of a 0.05 M aqueous solution of
Fe(NO3)3·9H2O in an Erlenmeyer flask of 250 mL capacity. The mixture was heated
to 60 ◦C using a magnetic heating plate (Ika Werke). When the temperature reached
50 ◦C the mixer was started at 200 rpm. After 7 h, the mixture was vacuum filtered. The
Fe-impregnated carbon was dried overnight at 120 ◦C in a Carbolite CSF1100 muffle
furnace with an Eurotherm controller. Subsequently, calcination was carried out in a
Carbolite tubular furnace provided with a temperature controller, model 2416.
The calcination method, adapted from Liang & Lee (2012), involved fluxing Ar at
room temperature with a flow of approximately 350 mL/min for 30 min to purge the air.
Then, the temperature was increased at 5 ◦C/min to 300 ◦C and held at this temperature
for 240 min under constant Ar flow. Finally, the impregnated carbon was cooled down
naturally. The Ar flow was maintained until the temperature was≤ 100 ◦C. In this report,
the Fe-impregnated Activated Charcoal Norit® is named as Fe/C(I) and Fe-impregnated
Norit GSX carbon powder as Fe/C(II). The difference in the mass of catalysts before and
after calcination is presented in Table 7.1.
7.2.2.3 Impregnation of zeolites
The impregnation method for H-ZSM-5 and H-Y zeolites was adapted from Lu
et al. (2011). Before impregnation, H-ZSM-5 was ground with a mortar and pestle. A
0.1 M aqueous solution of Fe(NO3)3·9H2O was used as the Fe source. 5 g of each zeolite
were mixed with 100 mL of Fe aqueous solution in a Erlenmeyer flask of 250 mL at 30 ◦C
at 500 rpm for 12 h. The mixture was dried overnight at 120 ◦C in a Carbolite CSF1100
muffle furnace. Before drying, the Fe-impregnated zeolites were ground; since the drying
caused agglomeration of particles.
The calcination of zeolites was conducted in a furnace MTI Corporation model
KSL-1200 X under static air. The temperature was increased to 120 ◦C for 30 min and
held at this temperature for 1 h. Then, after 2 h of constant heating the temperature
reached 550 ◦C and was held steady for 5 h. Finally, the zeolites were cooled down
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naturally. The Fe-impregnated H-ZSM-5 is identified as Fe/H-ZSM-5 and the Fe
H-zeolite Y as Fe/HY.
According to data gathered in Table 7.1, the loss of weight suffered by impregnated
zeolites during calcination was higher than in impregnated carbons due to the property of
zeolites of absorbing water. Indeed, the temperature was kept at 120 ◦C for 30 min during
calcination to facilitate the evaporation of H2O.
Table 7.1: Weight of Fe-impregnated catalysts before and after calcination.
Catalyst Mass before calcination [g] Mass after calcination [g]
Fe/C(I) 4.5513 4.4097
Fe/C(II) 4.2323 3.9727
Fe/H-ZSM-5 6.1007 5.1363
Fe/HY 7.7282 4.9050
7.2.2.4 Analysis of reaction products
Hydrothermal reactions using 0.56 g of the different catalysts tested were
conducted according to the method depicted in Section 3.2.2. The preparation
of liquid phase samples consisted in the addition of 1 µL of internal standard
(4-methyl-2-pentanol) to 1.5 mL of sample, as detailed in Section 3.3.1. These liquid
samples were analysed by GCMS (QP2010SE, Shimadzu) equipped with the DB1-ms
column described in Table 3.2. Products with low carbon number (≤ 3) were analysed
with the method described in Table 5.2, whereas products with high carbon content (> 3)
were analysed with the method described in Table 5.1. For the quantification of ethanol,
the method shown in Table 6.1 was employed. The amount of sample injected was 0.5 µL
for low carbon content products and 1 µL for compounds with high carbon number.
Calibration curves are shown in Appendix B, Appendix C and Appendix D. The
experimental error varied depending on the products. For compounds with low carbon
number the error was 10 % while for high carbon numbers it was approximately 5 %
(Appendix G).
Gas phase products were measured by MS (Hiden analytical) using MID mode.
The ions scanned are indicated in Table 5.4. Ions 12 and 22 were also scanned for most
of the catalysts tested. The analysis of the gas phase was conducted according to the
method detailed in Appendix E.
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7.3 Results and discussion
7.3.1 Characterisation of fresh catalysts
ICP analysis of Fe-impregnated zeolites and carbons
The main elements detected by ICP analysis in Fe-impregnated zeolites and
carbons are shown in Table 7.2. The most noticeable point is that the Fe content in
zeolites was higher than in carbons; specifically Fe/H-ZSM-5 and Fe/HY contained
38.05 ppm and 33.81 ppm of Fe respectively while Fe/C(I) and Fe/C(II) contained only
3.42 ppm and 12.47 ppm of Fe respectively. This suggests that the impregnation method
employed for zeolites enhanced Fe uptake. It is also important to highlight that the Al
concentration in Fe/H-ZSM-5 was twice the concentration in Fe/HY. Thus, its acidity
was higher.
On the other hand, Na was present in zeolite structures in substantial concentrations
whereas S was found in the composition of carbon samples. In Fe-carbons, in addition to
Si and Al, other elements were detected in similar concentrations (< 0.60 ppm) such as
As, Ca, Mg and Ti. The relative abundance of these compounds in carbons depends on
the pyrolytic and activation conditions. The presence of alkali and alkaline earth metals is
of particular interest since they can act as catalysts in processes such as steam reforming
of tars and gasification of coke (Hosokai et al., 2005; Keown et al., 2005). However, in
this work their catalytic effect is not considered due to their low concentration.
Table 7.2: ICP results for Fe-impregnated zeolites and carbons.
Catalyst Fe [ppm] Na [ppm] Si [ppm] Al [ppm] S [ppm]
Fe/H-ZSM-5 38.05 56.88 2.07 177.14 1
Fe/HY 33.81 23.35 3.09 85.54 -
Fe/C(I) 3.42 3.43 0.53 0.37 4
Fe/C(II) 12.47 - 0.43 0.40 4
Specific surface area measurements
BET surface area measurements using N2 isotherms were acquired according to the
method depicted in Section 3.5.1. The specific surface area of Fe powder used as catalyst
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could not be calculated by this method due to its low value. In zeolites, the value of the
total surface area encompasses both the nitrogen absorbed by the matrix and the nitrogen
condensed in the pores (Ramesh et al., 2014). Table 7.3 shows the surface area of the
catalysts investigated. Fe oxides exhibited the lowest surface area. By contrast, zeolites
and carbons showed the highest BET surface area due to their high porosity. Among
them, carbon II exhibited the highest surface area of approximately 850 m2/g.
From the data in Table 7.3, it is noteworthy that Fe-impregnated catalysts showed
lower BET surface area than their corresponding supports. Thus, the drop in BET surface
area in Fe-supported catalysts was caused by the introduction of Fe in the structure
of the support material. The decrease of surface area was particularly remarkable in
Fe/H-ZSM-5 zeolite which had a BET area of ca. 354 m2/g in comparison with a
surface area of 533 m2/g for H-ZSM-5. This fall may be explained by a higher Fe
incorporation during impregnation. Indeed, ICP results gathered in Table 7.2 confirmed
that Fe/H-ZSM-5 presented the highest concentration of Fe among the Fe-impregnated
catalysts prepared.
Table 7.3: BET surface area of the catalysts screened.
Catalyst BET surface area [m2/g]
Fe3O4 6.9 ± 0.1
Fe2O3 10.7 ± 0.2
Fe/Al2O3 74.2 ± 0.5
γ-Al2O3 180.7 ± 0.7
Fe/H-ZSM-5 353.7 ± 2.8
H-ZSM-5 533.3 ± 9.2
Fe/HY 523.0 ± 10.8
H-Zeolite Y 559.0 ± 8.71
Fe/C(I) 726.3 ± 9.5
Carbon I 742.2 ± 8.9
Fe/C(II) 798.1 ± 10.3
Carbon II 849.1 ± 9.6
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7.3.2 Liquid products distribution
To simplify the analysis of the liquid products based on the different catalysts
employed, the results are divided in three groups: (i) catalysts with a BET surface
area lower than 200 m2/g (Table 7.3), (ii) zeolite based catalysts and (iii) carbon based
catalysts.
The acidity of the liquid mixture after reaction was tested by pH paper strips. No
changes in pH were observed for most of the catalysts employed. Only Fe/Al2O3 and
γ-Al2O3 produced slightly acid solutions. On the other hand, the pressures reached
during reaction ranged approximately from 55 bar to 65 bar. Hence, according to Figure
4.4, the mixture of CO2 and H2O was in vapour phase.
Catalysts with low BET surface area
Catalysts with low BET surface included Fe powder, Fe3O4, Fe2O3, Fe/Al2O3
and γ-Al2O3. All of them, except γ-Al2O3 which possessed a significant higher area,
contained Fe. Liquid products detected with these catalysts are shown in Figure 7.2.
The major product synthesised by the hydrothermal conversion of CO2 employing these
catalysts was methanol (Figure 7.2a). The methanol concentration was slightly above
3.5 mmol/L using γ-Al2O3 as catalyst. Among the Fe-based catalysts with low BET
area, Fe2O3 exhibited the maximum methanol concentration, slightly below 3 mmol/L.
The other Fe-based catalysts showed similar concentrations of methanol, approximately
2 mmol/L.
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(b) Products with high carbon number.
Figure 7.2: Liquid products distribution using catalysts with low BET surface area. Reaction conditions:
T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of catalyst.
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From Figure 7.2a, it was noted that acetone was also synthesised; however the
concentrations produced were lower than methanol. The highest acetone concentration
was approximately 0.5 mmol/L and was found using Fe/Al2O3 as catalyst. A closer
inspection of Figure 7.2b indicates that ethanol was also produced using Fe/Al2O3 and
γ-Al2O3 catalysts, although in small concentrations.
The most significant point revealed in Figure 7.2b is the high selectivity of γ-Al2O3
for the production of 2-octanone, yielding more than 1 mmol/L, whereas the rest of the
catalysts yielded 2-octanone in a similar concentration to that of heptanal. Indeed, the
concentration of 2-octanone over γ-Al2O3 was higher than the concentration of acetone
(1.1 mmol/L and 0.2 mmol/L respectively). Cyclic ketones with five to six carbons were
also produced in trace concentrations.
In general, Fe oxides present the same distribution pattern, since they were the
only catalysts which produced cyclopentanone. Likewise, the Al2O3-containing catalyst
exhibited the same pattern from the qualitative point of view as ethanol was only found
in the presence of alumina (Figure 7.2).
In addition to the products illustrated in Figure 7.2, Fe2O3, Fe/Al2O3 and γ-Al2O3
produced 2-propen-1-ol. Although its concentration was not quantified, the ratio between
the areas of the 2-propen-1-ol and the internal standard were comparable to the ratio
between the areas of cyclohexanone and the internal standard.
Zeolite based catalysts
Species produced using zeolites as the catalyst are shown in Figure 7.3. It is
important to highlight that, unlike the catalysts with low BET area, cyclic ketones
with five to seven carbons were produced in significant concentrations (Figure 7.3b).
Moreover, straight-chained products with high carbon number were produced in low
quantities in non Fe-impregnated zeolites. H-ZSM-5 yielded 0.07 mmol/L of heptanal;
butanal and 2-butanone were also synthesised in smaller concentrations. By contrast,
H-Zeolite Y yielded 2-butanone as an unique straight-chained product in significant
concentration (0.174 mmol/L).
Furthermore, in Figure 7.2b only Fe oxides produced cyclopentanone with a peak
concentration lower than 0.1 mmol/L. Nevertheless, zeolites enhanced cyclopentanone
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production from approximately 0.1 mmol/L for H-ZSM-5 to 0.9 mmol/L in H-Zeolite Y.
In regard to cyclohexanone, it was synthesised in similar concentrations using zeolite
Y-based catalysts, with ZSM-5 based catalysts producing notable loss of this product.
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(b) Products with high carbon number.
Figure 7.3: Liquid products distribution using zeolite catalysts. Reaction conditions: T = 300 ◦C,
CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of catalyst.
As well as for catalysts with lower BET surface area, methanol was the main
organic produced with zeolite catalysts (Figure 7.3a). The four zeolites yielded similar
methanol concentrations of approximately 3 mmol/L. However, acetone concentration
varied depending on the catalyst employed. Both Fe/H-ZSM-5 and H-ZSM-5 exhibited
concentrations slightly below 0.25 mmol/L whereas this concentration was doubled using
Fe/HY and it increased to more than 1 mmol/L over H-Zeolite Y. This may be due to the
lower acidity of zeolites Y favouring the production of acetone.
To summarise, the data reported in Figure 7.3 suggests that, although the main
product in both zeolites was methanol, zeolites Y were more selective to products with
higher carbon number such as cyclopentanone, cyclohexanone and cycloheptanone than
ZSM-5 zeolites. These findings suggest that the larger pore size of zeolites Y compared
to that of ZSM-5 may promote the formation of carbon rings.
Carbon based catalysts
Hydrothermal CO2 conversion was conducted over carbon based materials as
catalysts under the same conditions used for catalysts with low BET surface area and
zeolites. However, it was noted that, unlike the other catalysts tested, carbon materials
did not produce organics with high carbon number. Moreover, acetone which presented
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a relatively significant abundance in the presence of catalysts with low BET surface
area and zeolites, was not formed with carbon catalysts, as shown in Figure 7.4.
Methanol was the only product obtained in significant amounts. Carbon I and carbon II
both yield approximately 2.3 mmol/L while Fe-impregnated carbons exhibited different
concentrations. Specifically, Fe/C(I) achieved concentrations of methanol higher than
3 mmol/L, whereas with Fe/C(II) it fell to approximately 1 mmol/L.
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Figure 7.4: Liquid products with low carbon number using carbon catalysts. Reaction conditions: T =
300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of catalyst.
Methanol production
As reported in Section 7.3.2, methanol was the main product formed using all
of the catalysts investigated. Thus, its production is summarised in Figure 7.5. Data
illustrated in Figure 7.5 indicates that γ-Al2O3, Fe/H-ZSM-5 and H-ZSM-5 enhanced
methanol production. It is worth mentioning that these catalysts presented a high Al
content and, hence, higher acidity. However, there was no evidence to suggest that
the Al content favoured the production of methanol, since Fe/Al2O3 yielded relatively
low concentrations of methanol. Moreover, under hydrothermal conditions at room
temperature previous studies showed that Fe-Al composites did not result in CO2
conversion to methanol (Guan et al., 2003).
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Figure 7.5: Methanol production with different catalysts. Reaction conditions: T = 300 ◦C, CO2:H2O
mole ratio = 0.26, reaction time = 4 h and 0.56 g of catalyst.
Methanol, along with other C1 products such as CO and CH4, is considered as one
of the most common products from CO2 conversion regardless of the chemical process
used. Table 7.4 summaries the production of methanol by different chemical operations,
such as catalytic, electrochemical and photochemical transformations. Data gathered
in Table 7.4 appears to suggest that the addition of H2 as a co-reactant coupled with a
suitable catalyst enhances methanol production to 103 mg/(gcat·h) (Bansode et al., 2013)
whereas photocatalytic, electrochemical and catalytic transformations in aqueous media
resulted in lower methanol concentrations. In addition to the high methanol production,
Bansode et al. (2013) reported a methanol selectivity of approximately 40 % while in this
work, the highest selectivity found, calculated according Equation E.9, was 2.5 % over
γ-Al2O3 catalyst.
In the present work, the highest methanol concentration of 109 mg/L was obtained
using Fe/H-ZSM-5 catalyst. This value was significantly higher than that obtained using
Cu2O-based electrodes in CO2 electrochemical transformations (Albo et al., 2015b).
Additionally, with Fe-based composites as a catalyst, Guan et al. (2003) produced
methanol in lower yields than the ones reported in this work. However, under such
conditions, ethanol was produced in higher quantities than methanol reaching values of
0.07 mg/(gcat·h) and 0.18 mg/(gcat·h) for Fe0-K-Al and Fe0-Cu-K-Al respectively (Guan
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et al., 2003). The present research showed the opposite trend with a maximum ethanol
yield of 0.02 mg/(gcat·h) using Fe/C(II).
Table 7.4: Production of methanol from CO2 by different chemical processes.
Methanol
[mg/(gcat·h)]
Catalyst Comments Source
0.48-1.44 Photocatalysts Review paper Marszewski et al. (2015)
0.53-6.19 * Cu2O-electrodes Aqueous solution Albo et al. (2015b)
103 Cu/Al2O3 Hydrogenation:
200 ◦C & 360 bar
Bansode et al. (2013)
0.05 Fe0-K-Al RT**, VH2O = 5 mL &
PCO2 = 0.95 bar
Guan et al. (2003)
0.1 Fe0-Cu-K-Al RT**, VH2O = 5 mL &
PCO2 = 0.95 bar
Guan et al. (2003)
0.26 γ-Al2O3 300 ◦C, VH2O = 7 mL
& PCO2 = 25 barg
This work
0.09 Fe/C(II) 300 ◦C, VH2O = 7 mL
& PCO2 = 25 barg
This work
109* Fe/H-ZSM-5 300 ◦C, VH2O = 7 mL
& PCO2 = 25 barg
This work
*These values are expressed in mg/L.
**RT: room temperature.
In the absence of a catalyst, the hydrothermal reaction of CO2 at 300 ◦C, CO2:H2O
mole ratio = 0.26 and after 4 h of reaction time produced approximately 1 mmol/L of
methanol and 0.07 mmol/L of acetone. Ethanol was also detected in trace amounts.
However, higher chained products were not synthesised. It is worth noting that
experiments were conducted in a Hastelloy C reactor and this material contains 58.6 %
of Ni. Moreover, the conversion of CO2 into oxygenates and hydrocarbons have been
demonstrated over Ni powders (Takahashi et al., 2006; Wu et al., 2009). Thus, the
material of the reactor may have acted as catalyst. Alternatively, the synthesis of organic
products without catalyst addition could be caused by the high reaction temperature.
Hydrothermal reactions under such conditions were not accomplished in a different
reactor. Hence, the effect of the temperature and the reactor material could not be
discriminated.
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This data revealed that methanol can be produced in the absence of a catalyst in
substantial quantities; however, the use of catalyst increased its concentration. Moreover,
the presence of a catalyst promotes the formation of higher products. Using carbon-based
catalysts, neither products with high carbon number nor acetone were produced, although
acetone was synthesised in small quantities in the absence of a catalyst. Thus, carbon
materials might have prevented acetone formation while enhancing the production of
methanol. On this basis, there is overwhelming evidence to suggest that the use of catalyst
is critical to enhancing the formation of organics and to tailor the product distribution.
7.3.3 Gas products distribution
Table 7.5 shows CO2 conversion and products obtained in the hydrothermal
reaction of CO2 employing different catalysts. It is worth noting that Table 7.5 is divided
in three groups: (i) catalysts with low BET surface area, (ii) zeolite based catalysts and
(iii) carbon based catalysts.
Data in Table 7.5 indicates that the highest CO2 conversions were reached by
unsupported catalysts with low BET surface area. After closer inspection, Table 7.5
reveals that, in general, catalysts with high CO2 conversions produced CO. After
4 h of reaction time, CO2, H2, H2O, acetaldehyde and formaldehyde were identified
with all catalysts. In addition to these, CH4, formic acid and ethylene were also
synthesised by practically all the catalysts investigated; the exceptions to this were
γ-Al2O3, Fe/HY, H-Zeolite Y and Fe/C(I). Regardless of the great range of compounds
identified, synthesised products represented less than 1 mol% of the gas phase, except
in the case of Fe3O4 and Fe2O3, where this percentage increased to 12 % and 9 %
respectively due to the formation of CO.
Indeed, the highest CO2 conversion was 13.8 % using Fe3O4 as catalyst (Table
7.5). The oxidation states of Fe in the fresh catalyst were II and III. The production
of CO was approximately 12 mmol. In Fe2O3 (Fe in oxidation state II), 8 mmol of CO
were synthesised and the conversion decreased to 10.9 %. The selectivity to CO of both
catalysts was 79 % and 74 % respectively. Nevertheless, although CO was not detected
in gas analysis, Fe powder also exhibited a relatively high CO2 conversion of 7.1 %.
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Table 7.5: CO2 conversion and gas phase composition using different catalysts. Reaction conditions: T =
300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of catalyst.
Catalyst XCO2 [%] Gas phase composition
Fe powder 7.1 CO2, H2, H2O, CH4, acetaldehyde, formaldehyde, formic
acid and ethylene
Fe3O4 13.8 CO2, CO, H2, H2O, CH4, acetaldehyde, formaldehyde
and ethylene
Fe2O3 10.9 CO2, CO, H2, H2O, CH4 acetaldehyde, formaldehdye and
ethylene
Fe/Al2O3 1.1 CO2, CO, H2, H2O, CH4, acetaldehyde, formaldehyde
and ethylene
γ-Al2O3 0.7 CO2, H2, H2O, acetaldehyde and formaldehyde
Fe/H-ZSM-5 4.6 CO2, H2, H2O, CH4, acetaldehyde, formaldehyde, formic
acid and ethylene
H-ZSM-5 0.2 CO2, H2, H2O, CH4, acetaldehyde, formaldehyde, formic
acid and ethylene
Fe/HY 0.9 CO2, H2, H2O, acetaldehyde and formaldehyde
H-Zeolite Y 2.0 CO2, H2, H2O, acetaldehyde, formaldehyde and
methanol
Fe/C(I) 0.6 CO2, H2, H2O, acetaldehyde, formaldehyde and formic
acid
Carbon I 4.0 CO2, CO, H2, H2O, CH4, acetaldehyde, formaldehyde,
formic acid, ethylene and methanol
Fe/C(II) 3.5 CO2, CO, H2, H2O, CH4, acetaldehyde, formaldehyde
and ethylene
Carbon II 0.6 CO2, H2, H2O, CH4, acetaldehyde and formaldehyde and
formic acid
γ-Al2O3 yielded the highest methanol concentration; however, the CO2 conversion
using this catalyst was lower than 1 %. This suggests that gas products have a greater
impact in CO2 conversion values than liquid products, as already reported in Chapter 4.
The same conclusion could be made by examining methanol production (Figure 7.5) and
CO2 conversion for zeolites.
H-ZSM-5 and Fe/H-ZSM-5 showed qualitatively the same gas composition.
However, the production of hydrocarbons such as CH4 and ethylene were approximately
doubled using Fe/H-ZSM-5 (Table 7.6). Moreover, Fe-impregnated H-ZSM-5 zeolite
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exhibited higher CO2 conversion. In contrast, Fe-impregnated H-Zeolite Y converted
lower quantities of CO2 than H-Zeolite Y under the same reaction conditions. Although
methanol was detected in the gas phase with H-Zeolite Y, its concentration could be
considered negligible.
Likewise, carbons showed different conversions whether they were Fe-impregnated
or not. Whereas carbon I conversion was higher than in impregnated carbon I, carbon
II exhibited the opposite pattern. Thus, Fe/C(II) enhanced CO2 conversion compared
to carbon II. Indeed, carbon I and Fe/C(II) yielded 0.04 mmol and 0.71 mmol of CO
respectively.
It is worth underlining that the values of CO2 conversion summarised in Table 7.5
were significantly higher than the 0.016 % CO2 conversion reached by Takahashi et al.
(2008) under milder hydrothermal conditions; in particular Takahashi et al. (2008) used
a lower temperature and no mixer. On the other hand, in the hydrogenation of CO2 using
H2, the values for CO2 conversion widely differ depending on the catalyst and reaction
conditions. For example, Kobl et al. (2016) found CO2 conversions between 2.8 % and
17.2 % over Cu/ZnO/Al2O3 catalyst modifying the reaction conditions. A higher CO2
conversion of 29.6 % was reported by Bansode et al. (2013) over Cu/Al2O3 catalyst.
Din et al. (2016) achieved a maximum CO2 conversion of 14 % over Cu/ZrO2 supported
on carbon nanofibres. However, although most of these values of CO2 conversion are
comparable to this work, the selectivity to methanol in the aforementioned works was
higher.
Production of H2 and hydrocarbons such as CH4 and ethylene is compared in
Table 7.6. The volume of liquid sample collected after 4 h of reaction is also reported.
The overall trend suggests that the higher the production of CH4 and ethylene, the
higher the conversion of CO2. However, notwithstanding the low CO2 conversion of
Fe/Al2O3 catalyst, its activity in the production of hydrocarbons was comparable to Fe
powder. In the absence of catalyst, methane and ethylene were detected although in low
concentrations (≤ 10 µmol). Table 7.6 also shows that higher volumes of liquid sample
were collected in catalysts with lower BET surface area. Nevertheless, this does not
indicate that a lower quantity of water reacted, but that porous materials trapped water in
their structures.
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Table 7.6: H2 and hydrocarbons detected in the gas phase using different catalysts. Reaction conditions:
T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of catalyst.
Catalyst H2 [mmol] CH4 [µmol] C2H4 [µmol] Vsample [mL]
Fe powder 1.99 13.31 17.52 6.2
Fe3O4 0.23 18.38 34.72 6.0
Fe2O3 0.31 17.33 31.91 6.4
Fe/Al2O3 0.09 13.84 18.74 5.8
γ-Al2O3 0.28 - - 5.4
Fe/H-ZSM-5 0.20 17.45 27.48 5.3
H-ZSM-5 0.08 9.67 12.97 5.6
Fe/HY 0.06 - - 4.8
H-Zeolite Y 0.16 - - 4.2
Fe/C(I) 0.07 - - 5.4
Carbon I 0.28 23.93 31.18 4.8
Fe/C(II) 0.14 10.29 14.30 5.8
Carbon II 0.19 13.80 - 5.5
From Table 7.6 it is clear that the highest amount of unreacted H2 was measured
after reaction with Fe powder. Moreover, calculations demonstrated that H2 involved
in product synthesis using Fe powder catalyst was 5.1 mmol, whereas in the formation
of organics with Fe3O4 and Fe2O3 it was 2.4 mmol and 2.2 mmol respectively. Hence,
these data revealed that Fe powder is a suitable catalyst for the production of hydrogen
under hydrothermal conditions in the presence of CO2. Michiels et al. (2015) provided
confirmatory evidence for the production of H2 under hydrothermal conditions.
Furthermore, it has been suggested that CO2 promoted the formation of H2 using
Fe catalyst following Equation 7.1 and Equation 7.2 (Guan et al., 2003; Wu et al., 2009;
Jin et al., 2011). In agreement with this, in this work, reaction conditions (T = 300 ◦C,
VH2O = 7 mL and 0.56 g of Fe powder catalyst) were reproduced in the absence of CO2,
using He to pressurise the system. After 4 h, 0.46 mmol of H2 were measured in the gas
phase; a quantity significantly lower than that produced in the presence of CO2.
Fe + CO2 + H2O→ FeCO3 + H2 (7.1)
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3FeCO3 + H2O→ Fe3O4 + H2 + 3CO2 (7.2)
7.3.4 Mass balances
Mass balances were adjusted for catalysts with higher CO2 conversion. Table 7.7,
Table 7.8 and Table 7.9 show the amount of C, O and H measured before and after
reaction for Fe powder, Fe3O4 and Fe2O3 catalysts respectively. The error was calculated
according to Equation 7.3.
E =
Initial value− Final value
Initial value
× 100 (7.3)
Table 7.7, Table 7.8 and Table 7.9 show that the initial and final amount of C, O
and H did not concur. However, in most cases, the error was ≤ 10 %. The difference
between the initial amount of carbon and the carbon quantified in liquid and gas products
suggested that carbonaceous deposits were formed on the catalysts. Indeed, although in
the absence of catalyst, a difference in the carbon balance of scarcely 1 %, ascribed to
errors in quantification of gas products, was observed; the higher percentages gathered
in Table 7.7, Table 7.8 and Table 7.9 confirmed the deposition of carbon deposits. The
higher divergence in Fe powder catalyst might indicate that more carbon was deposited
on the Fe powder catalyst.
The discrepancies in O and H detected with the three catalysts (Tables 7.7 to 7.9)
could be caused by experimental error in the measurement of liquid sample. Indeed,
water molecules soak catalysts particles and, therefore, this could not be quantified.
For instance, for Fe powder catalyst (Table 7.7), assuming that the difference between
the initial and final H was non quantifiable water, the disparity in oxygen should have
been 3.74·10-2 mol; however, this value was 5.43·10-2 mol. Thus, O2 should have
been produced by water splitting. As stated in Chapter 4, the detection of O2 by
MS might have been hindered since m/z = 32 is an ion which already appeared in
the background. Alternatively, H and O may have formed iron hydroxide complexes
(Fe(OH)2) or oxyhydroxide compounds (FeO(OH)). Nevertheless, no evidence, such as
the characteristic iron hydroxide colour, was found.
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Table 7.7: Carbon, oxygen and hydrogen mass balance for Fe powder catalyst.
C [mmol] O [mol] H [mol]
Initial 1.03·10-1 5.95·10-1 7.78·10-1
Final 9.65·10-2 5.41·10-1 7.03·10-1
Error [%] 6.5 9.1 9.6
Table 7.8: Carbon, oxygen and hydrogen mass balance for Fe3O4 catalyst.
C [mmol] O [mol] H [mol]
Initial 1.03·10-1 5.94·10-1 7.78·10-1
Final 1.00·10-1 5.23·10-1 5.23·10-1
Error [%] 2.1 11.9 13.7
Table 7.9: Carbon, oxygen and hydrogen mass balance for Fe2O3 catalyst.
C [mmol] O [mol] H [mol]
Initial 1.02·10-1 5.94·10-1 7.78·10-1
Final 1.00·10-1 5.48·10-1 7.17·10-1
Error [%] 2.0 7.7 7.9
7.3.5 Ammonium Fe(III) citrate and Fe nanoparticles as catalysts
In addition to the catalysts examined above, the hydrothermal CO2 reaction was
conducted using ammonium Fe(III) citrate and Fe nanoparticles as catalysts. Reaction
conditions employed were the same as in the other catalytic tests: T = 300 ◦C, CO2:H2O
mole ratio = 0.26 mol, reaction time = 4 h and 0.56 g of catalyst. After reaction, the
product mixture obtained with ammonium Fe(III) citrate exhibited a moderately basic
pH.
Ammonium Fe(III) citrate as a catalyst
The range of products synthesised using ammonium Fe(III) citrate as catalyst was
greater than with the other catalysts tested. Hence, not all compounds were identified.
Figure 7.6 shows the chromatogram obtained for species with high carbon number. The
highest peaks appeared at 3.867 min (peak 1) and at 5.04 min (internal standard). Peak
number 1 was identified as ammonium acetate according to the MS library. However, the
main peaks of ammonium acetate spectrum, except m/z = 17 which was not measured,
concurred with the mass spectrum of acetic acid. Moreover, acetic acid retention time
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is approximately 3.88 min using the same GCMS analysis method. However, it is worth
mentioning that according to Equation 7.4 ammonium acetate and acetic acid may be in
equilibrium under the reaction conditions.
CH3COOH + NH3 ↔ NH4+ + CH3COO− (7.4)
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Figure 7.6: Chromatogram of products with high carbon number formed over ammonium Fe(III) citrate.
Reaction conditions: T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time=4 h and 0.56 g of ammonium
Fe(III) citrate catalyst.
Table 7.10 summarises the production of organics identified in the reaction of CO2
and H2O over ammonium Fe(III) citrate. The retention time reported corresponds to
Figure 7.6. Methanol, ethanol and acetone did not appear in the chromatogram illustrated
in Figure 7.6, since they were measured by other GCMS methods.
Table 7.10: Concentration of liquid products synthesised by hydrothermal reaction of CO2 over
ammonium Fe(III) citrate. Reaction conditions: T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time =
4 h and 0.56 g of ammonium Fe(III) citrate catalyst.
Compound Retention time [min] Concentration [mmol/L]
Methanol - 6.004
Ethanol - 0.065
Acetone - 63.460
2-Butanone 3.489 0.318
2-Octanone 9.538 0.562
Heptanal 7.390 0.235
Cyclopentanone 5.297 0.130
Cyclohexanone 7.104 0.097
Cyclooctanone 12.576 2.994
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By comparing the product concentrations reported in Table 7.10 with Figure
7.2 and Figure 7.3, the first point to note is that the concentration of acetone with
Fe(III) citrate was dramatically higher than with the other catalyst screened. Methanol
production was also enhanced, although the increase was not as sharp as in the case
of acetone. Products with high carbon content presented different patterns. Whereas
2-octanone, heptanal and cyclohexanone concentrations measured were comparable to
those detected in catalysts with low BET surface area (Figure 7.2), cyclooctanone and
2-butanone were synthesised in significantly higher quantities.
Notwithstanding the high concentrations of liquid products, CO2 conversion was
1.5 %. Gas products included acetaldehyde, formaldehyde and methane. Moreover, the
carbon mass balance indicated that the amount of carbon in the products was higher than
the initial amount of CO2, and thus, than the initial amount of carbon. Hence, these
results suggest that the high concentrations of acetone and ammonium acetate/acetic
acid detected in the liquid phase were due to the decomposition of the Fe(III) citrate
catalyst in water at high temperatures rather than to the conversion of CO2. Indeed, the
main characteristic functional group of these products is the carbonyl group, present in
the ammonium Fe(III) citrate molecule as shown in Figure 7.7. To prove the acetone
formation from the ammonium Fe(III) citrate, a 13C-labelled citrate molecule could be
used.
Figure 7.7: Ammonium Fe(III) citrate molecule (Sigma Aldrich catalog, 2016).
Fe nanoparticles as a catalyst
The formation of products with low carbon number over Fe nanoparticles with and
without previous reduction is compared in Figure 7.8. From Figure 7.8, it becomes clear
that the production of methanol was enhanced over Fe nanoparticles in the absence of H2
reduction. Fe nanoparticles undergo instantaneous oxidation in contact with air. Hence,
oxidised Fe may promote the synthesis of methanol. However, acetone production was
similar with both catalysts. Trace concentrations of cycloheptanone were also detected.
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Figure 7.8: Chromatogram of products with low carbon number formed over Fe nanoparticles. Reaction
conditions: T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of Fe nanoparticles as
catalyst.
The gas products produced over Fe nanoparticles included: CO, CH4, ethylene,
acetaldehyde, formaldehyde and formic acid. However, with reduced Fe nanoparticles
no hydrocarbons were formed and only oxygenates such as acetaldehyde, formaldehyde
and formic acid were produced.
7.3.6 Characterisation of spent catalysts
Spent catalysts were characterised by temperature-programmed oxidation (TPO),
scanning electron microscopy (SEM) and X-ray diffraction (XRD). For comparison with
the spent catalysts, SEM imaging was also applied to fresh catalysts. TPO and XRD
were only employed for the characterisation of Fe powder, Fe3O4 and Fe2O3, since these
catalysts exhibited the highest CO2 conversion (Table 7.5).
TPO profile of spent Fe powder and Fe oxides
TPO profiles of these spent catalysts were obtained to evaluate the formation of
the carbonaceous deposits, following the method described in Section 3.5.5. Results for
spent Fe powder, Fe3O4 and Fe2O3 catalysts are shown in Figure 7.9.
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From Figure 7.9 it is clear that, the peak area for Fe powder was larger than for the
Fe oxides, thus a greater amount of carbon was deposited over the Fe powder catalyst.
This result matches with the conclusions made in Section 7.3.4 from carbon balances,
which exhibited a higher discrepancy between initial and final carbon in Fe powder.
In regard to the carbon morphology, Fe3O4 TPO profile presented a single
symmetric peak centered at approximately 260 ◦C. This suggests that the carbon
deposited has a homogeneous amorphous structure. On the other hand, Fe2O3 TPO
pattern was formed for three broad peaks centered at 350 ◦C, 550 ◦C and 850 ◦C which
indicated the presence of different carbon species. Moreover, the area of the peak
at 350 ◦C was greater than that of the peaks at higher temperatures, suggesting that
amorphous morphologies were more abundant than more hierarchical ones.
The Fe powder TPO profile exhibited a large peak centered at approximately 750 ◦C
and ending ca. 900 ◦C. There appears to be a peak overlapping at the low temperature
side since a shoulder is observed at 600 ◦C. The peak at 750 ◦C suggests the existence of
graphitic-like structures, which may explain the loss in the catalyst activity compared to
the Fe oxides (Silverwood et al., 2010).
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Figure 7.9: TPO profile of spent Fe powder and Fe oxides catalysts. Reaction conditions: T = 300 ◦C,
CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of catalyst. Mass of spent catalyst employed in
TPO analysis = 35 - 45 mg.
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SEM images of fresh and spent catalysts
A representative group of particles were subjected to SEM imaging to investigate
changes in morphology and texture of the catalysts before and after the hydrothermal
conversion of CO2. Figure 7.10 illustrates the changes in surface morphology of Fe
powder catalyst as a result of the hydrothermal process. The fresh catalyst shown in
Figure 7.10a exhibited a smooth surface. Particles agglomerated to form clusters with
different shapes. As a result of the agglomeration, randomly distributed rudimentary
pores appeared. After reaction, particle agglomeration remained (Figure 7.10b).
However, the surface became rough perhaps due to the deposition of carbonaceous
material. By enhancing image resolution of the area enclosed within the orange circle,
these particles attached to the surface are represented in more detail and are proposed
to be carbonaceous nature (Figure 7.11). Whereas some particles exhibited column-like
shape others had plate-like grain.
10 μm
(a) SEM image of fresh Fe powder.
10 μm
(b) SEM image of spent Fe powder.
Figure 7.10: SEM images of fresh and spent Fe powder. Measurement conditions: V = 20 kV, WD =
12 mm and magnification = ×1000.
5 μm
Figure 7.11: SEM image of spent Fe powder. Measurement conditions: V = 20 kV, WD = 12 mm and
magnification = ×3000.
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SEM images of fresh and spent Fe3O4 catalyst are shown in Figure 7.12. Although
both catalysts displayed agglomeration of particles conforming a rough surface, the
spent catalyst (Figure 7.12b) showed a higher density of grains. This is attributed to
the formation of carbon deposits formed during reaction, as already concluded from
TPO results. Although the magnification used was not high enough to distinguish the
crystalline structure of the Fe2O3 catalyst presented in Figure 7.13, the particle size
appeared to be in the order of nanometers. As with Fe3O4, the particles were forming
a cluster.
5 μm
(a) SEM image of fresh Fe3O4.
5 μm
(b) SEM image of spent Fe3O4.
Figure 7.12: SEM images of fresh and spent Fe3O4 catalyst. Measurement conditions: V = 20 kV, WD =
12 mm and magnification = ×3000.
5 μm
(a) SEM image of fresh Fe2O3.
5 μm
(b) SEM image of spent Fe2O3.
Figure 7.13: SEM images of fresh and spent Fe2O3 catalyst. Measurement conditions: V = 20 kV, WD =
12 mm and magnification = ×3000.
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Fresh Fe/Al2O3 (Figure 7.14a) exhibited two different types of particles with
uneven shape and size: (i) sphere-like grains with a rough surface which represented
Al2O3 and (ii) Fe aggregated in asymmetric and amorphous structures. After reaction
(Figure 7.14b), the size of Fe clusters increased. Indeed, it appears that some structures,
particularly Fe clusters, have semi-collapsed as a consequence of the agitation during
reaction, and then, they may have clustered together again. Carbonaceous depositions
were not as clear as with the Fe powder catalyst (Figure 7.10). However, more small
particle size powder between the particles was observed compared to the fresh catalyst.
This powder may be either carbon or fragments of bigger agglomerates.
50 μmi
ii
(a) SEM image of fresh Fe/Al2O3.
50 μm
(b) SEM image of spent Fe/Al2O3.
Figure 7.14: SEM images of fresh and spent Fe/Al2O3 catalyst. Measurement conditions: V = 20 kV,
WD = 12 mm and magnification = ×500. Samples were pre-coated with gold.
Figure 7.15a illustrates the γ-Al2O3 catalyst before reaction. The most noticeable
feature was the sphere-like particles of different sizes, showing a smooth surface.
Hydrogenation of CO2 caused an overall coverage of the γ-Al2O3 surface with adhered
material, modifying their shape and size, as is depicted in Figure 7.15b. Moreover, the
same type of material was observed in the inter-particle cavities.
10 μm
(a) SEM image of fresh γ-Al2O3.
10 μm
(b) SEM image of spent γ-Al2O3.
Figure 7.15: SEM images of fresh and spent γ-Al2O3 catalyst. Measurement conditions: V = 20 kV,
WD = 12 mm and magnification = ×1000. Samples were pre-coated with gold.
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After reaction, Fe/H-ZSM-5 appeared as an amorphous mass of particles covering
the surface; clusters of significant size were randomly distributed (Figure 7.16b).
However, fresh catalyst showed crystals, some of them adhered in sponge-like structures
(Figure 7.16a). The crystals of the fresh H-ZSM-5 catalyst (Figure 7.17a) were more
clearly observed than in the Fe-impregnated H-ZSM-5 (Figure 7.16a) under the same
analysis conditions. The homogeneous distribution of particles in the fresh H-ZSM-5
catalyst formed inter-particle cavities. Nevertheless, spent catalyst was comprised of
amorphous sponges with rough surfaces. These irregularities may have been caused by
carbon deposits (Figure 7.17b).
5 μm
(a) SEM image of fresh Fe/H-ZSM-5.
5 μm
(b) SEM image of spent Fe/H-ZSM-5.
Figure 7.16: SEM images of fresh and spent Fe/H-ZSM-5 catalyst. Measurement conditions: V = 15 kV,
WD = 12 mm and magnification = ×3000. Samples were pre-coated with gold.
5 μm
(a) SEM image of fresh H-ZSM-5.
5 μm
(b) SEM image of spent H-ZSM-5.
Figure 7.17: SEM images of fresh and spent H-ZSM-5. Measurement conditions: V = 15 kV, WD =
12 mm and magnification = ×3000. Samples were pre-coated with gold.
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Figure 7.18a and Figure 7.19a revealed no significant morphological difference in
H-zeolite Y before and after impregnation. Indeed, although Fe impregnation decreased
the BET surface area of H-zeolite Y as reported in Table 7.3, this drop was not sufficiently
dramatic to be shown in SEM images at the magnification employed. From Figure
7.18b it appears that spent Fe/HY retained part of its crystallinity. However, H-zeolite Y
exhibited an amorphous surface as illustrated in Figure 7.19b.
5 μm
(a) SEM image of fresh Fe/HY.
5 μm
(b) SEM image of spent Fe/HY.
Figure 7.18: SEM images of fresh and spent Fe/HY. Measurement conditions: V = 15 kV, WD = 12 mm
and magnification = ×3000. Samples were pre-coated with gold.
5 μm
(a) SEM image of fresh H-Zeolite Y.
5 μm
(b) SEM image of spent H-Zeolite Y.
Figure 7.19: SEM images of fresh and spent H-Zeolite Y. Measurement conditions: V = 15 kV, WD =
12 mm and magnification = ×3000. Samples were pre-coating with gold.
In order to provide a detailed description of the surface morphology, Fe/C(I)
and carbon I fresh catalysts were observed at different magnifications. It is important
to remark that at a magnification of 500, fresh Fe/C(I) (Figure 7.20a) presented a
highly heterogeneous morphology. Particles show significant structural complexity.
Indeed, particles with higher sizes exhibited sharp edges. Moreover, tubular structures
(surrounded by an orange circle) and carbon flakes were identified. The carbon tube
displayed a honeycomb-like structure according to Figure 7.20b.
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50 μm
(a) SEM image of a tubular particle at a
magnification = ×500.
5 μm
(b) SEM image of a tubular particle at a
magnification = ×3000.
Figure 7.20: SEM images of a tubular particle observed in fresh Fe/C(I) catalyst. Measurement
conditions: V = 20 kV and WD = 12 mm.
Fresh carbon I at a magnification of 370 (Figure 7.21a) also exhibited a carbon
tube. However, compared to the carbon tube observed in Figure 7.20b which presented
a honeycomb-like channel, this tube did not show such a well-defined structure.
Furthermore, it exhibited a rough surface morphology. Fresh carbon I measured at a
magnification of 1000 is shown in Figure 7.21b. It clearly shows a large sized particle
with a honeycomb-like porosity. It is also worth highlighting that inside the pores,
embedded grains were observed. The honeycomb-like porosity is a common feature
of different biochar materials (Chintala et al., 2014).
50 μm
(a) SEM image of spent carbon I at a magnification
= ×370.
10 μm
(b) SEM image of spent carbon I at a magnification
= ×1000.
Figure 7.21: SEM images of spent carbon I at different magnifications. Measurement conditions. V =
15 kV and WD = 12 mm.
Figure 7.22 illustrates fresh and spent Fe/C(I) catalyst. By comparing Figure
7.22a and Figure 7.22b, no significant variations were observed in the catalyst surface.
Plate-like particles were randomly scattered along with amorphous agglomerations of
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grains. Similar morphological characteristics were found in carbon I catalyst (Figure
7.23).
5 μm
(a) SEM image of fresh Fe/C(I).
5 μm
(b) SEM image of spent Fe/C(I).
Figure 7.22: SEM images of fresh and spent Fe/C(I) catalyst. Measurement conditions: V = 20 kV, WD =
12 mm and magnification = ×3000.
5 μm
(a) SEM image of fresh carbon I.
5 μm
(b) SEM image of spent carbon I.
Figure 7.23: SEM images of fresh and spent carbon I. Measurement conditions: V = 15 kV, WD = 12 mm
and magnification = ×3000.
A mixture of carbon flakes and amorphous agglomeration of particles was also
observed in fresh and spent Fe/C(II) catalyst as represented in Figure 7.24. However, the
size of plate-like particles in the spent catalyst was higher (Figure 7.24b).
5 μm
(a) SEM image of fresh Fe/C(II).
5 μm
(b) SEM image of spent Fe/C(II).
Figure 7.24: SEM images of fresh and spent Fe/C(II) catalyst. Measurement conditions: V = 20 kV,
WD = 12 mm and magnification = ×3000.
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In the carbon II catalyst, shown in Figure 7.25, no well-defined pores were
observed. Fresh catalyst (Figure 7.25a) was mainly formed by amorphous material,
although carbon flakes were found. However, in the spent catalyst more plate-like
particles with sharp edges were detected (Figure 7.25b).
5 μm
(a) SEM image of fresh carbon II.
5 μm
(b) SEM image of spent carbon II.
Figure 7.25: SEM images of fresh and spent carbon II. Measurement conditions: V = 20 kV, WD =
12 mm and magnification = ×3000.
XRD analysis of spent catalysts
XRD patterns of spent Fe powder, Fe3O4 and Fe2O3 catalysts are illustrated in
Figure 7.26. These patterns were analysed with the software PDF-4+ 2016, concluding
that after reaction, the peaks observed in Fe3O4 and Fe2O3 XRD patterns were the typical
peaks of Fe3O4 and Fe2O3 crystalline phases respectively. No other additional phases
were observed. Hence, this result may indicate that the bulk phase of the catalyst did not
urdergo any transformation under the hydrothermal reaction conditions employed.
On the other hand, spent Fe powder catalyst exhibited the three characteristic peaks
of metallic α-Fe at 2θ = 44.68 ◦, 65.03 ◦ and 82.21 ◦. Moreover, a very low intensity
peak was observed at 2θ = 35.36 ◦ (indicated by an arrow in Figure 7.26), which may
be assigned to Fe3O4 (Ando et al., 2000a). Thus, these findings suggest that a slight
oxidation of Fe powder catalyst may have occurred during the hydrothermal reaction.
To conclude, XRD patterns plotted in Figure 7.26 did not show any changes in
the structure of the catalysts under hydrothermal conditions, with the exception of the
slight oxidation that Fe powder may have undergone. However, transformations in the
composition of the catalysts surface, such as changes in the oxidation state of the Fe,
could not be evaluated with the characterisation techniques applied in this work. Thus,
136
Chapter 7. Effect of different catalysts
other methods, such as X-ray photoelectron spectroscopy (XPS), are required for further
characterisation of the catalyst surface.
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Figure 7.26: XRD patterns for spent Fe powder, Fe3O4 and Fe2O3 catalysts.
7.4 Conclusions
This chapter evaluated the effect of the catalyst employed on product distribution.
Moreover, the catalysts were characterised to explore the changes experienced under
reaction conditions. The results indicated that the catalyst is a crucial parameter in the
hydrothermal reaction of CO2. Hence, product range can be modified by changing the
catalyst.
Notwithstanding the diversity in product distribution depending on the catalyst,
methanol was the major liquid product over all the catalysts screened. Acetone was also
synthesised in substantial concentrations. The formation of products with higher carbon
content was confirmed too. Catalysts with low BET surface area, such as Fe powder,
Fe oxides, Fe/Al2O3 and γ-Al2O3 were more selective to long chained species such
as heptanal and 2-octanone. In constrast, zeolite based catalysts produced significant
concentrations of cyclic ketones. In regard to carbon catalysts, in liquid phase only
alcohols with one and two carbons were detected.
The highest CO2 conversion achieved was 13.8 % over Fe3O4 catalyst. Fe2O3 also
exhibited a high CO2 conversion. It is worthy to highlight that both Fe oxides produced
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great amounts of CO. Hence, those catalysts yielding CO showed, in general, higher
CO2 conversions. On the other hand, formation of hydrocarbons such as methane and
ethylene was favoured over Fe oxides. Carbon I, also produced significant quantities of
these hydrocarbons. By comparing TPO profiles of Fe powder with Fe oxides, it can be
concluded that the deposition of carbon deposits was higher over Fe powder. Thus, this
limited its catalytic activity.
SEM images of fresh and spent catalysts showed the transformation experienced
by the solids during reaction. In general, after reaction the catalysts exhibited higher
agglomeration of grains. Moreover, it seemed that the catalyst was covered by adhered
material, most likely carbonaceous in nature. Furthermore, fresh catalysts presented
better-defined shape particles than spent catalysts. Thus, high reaction temperatures and
mechanical shocks caused by the impeller may modify particle morphology.
The deposition of carbonaceous deposits on Fe powder, Fe3O4 and Fe2O3 was
confirmed by TPO analysis. Moreover, TPO profiles suggested that carbon deposits
were more abundant on Fe powder than on Fe oxides. Furthermore, the temperature
of oxidation of the carbon indicated that the deposits on Fe3O4 and Fe2O3 exhibited a
more amorphous morphology than the carbon deposited on Fe powder.
XRD patterns of Fe oxides did not show any change in the crystalline phase of the
catalyst after the reaction of CO2 under hydrothermal conditions. However, Fe powder
catalyst may have undergone slight oxidation to Fe3O4, although metallic α-Fe was by
far the most abundant phase. However, further work on characterisation needs to be
conducted to evaluate the properties of the catalyst surface. Finally, it was demonstrated
that Fe powder was a suitable catalyst to produce H2 from water splitting under reaction
conditions. Moreover, CO2 enhanced the formation of H2.
This chapter explored the influence of the nature of the catalyst in the hydrothermal
conversion of CO2 outcome. The afore explained results indicated that Fe3O4 exhibited
the highest CO2 conversion. Hence, Chapter 8 will investigate the effect of time on the
progress of the reaction of CO2 under hydrothermal conditions using Fe3O4 as a catalyst.
Moreover, with reference to the results obtained, a reaction mechanism will be proposed.
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8.1 Introduction
In Chapter 7 it was concluded that Fe3O4 presented the highest CO2 conversion
among all the catalysts screened. In this chapter, reactions were conducted using Fe3O4
as catalyst with the aim of investigating the influence of the reaction time. Both gas and
liquid phase products were monitored to explore reaction progress.
As mentioned in Section 3.2.2, the reaction time was taken to commence when the
mixer was initiated. When the target reaction temperature was 300 ◦C, the mixer was
initiated at approximately 285 ◦C, ca. 35 min after the heating was started. To study the
effect of this heating time in the reaction product distribution, instead of switching on
the mixer, the heating was stopped and the reaction was quenched by introducing the
reactor into an ice bath. Once the reactor was cold, the gas and liquid phase products
were analysed.
Selected spent catalysts were characterised by temperature-programmed oxidation
(TPO) to investigate the crystallographic nature of the carbonaceous material deposited
on the catalysts. SEM microscopy was also employed to explore changes in catalyst
morphology as a function of the reaction time. X-ray diffraction (XRD) was also applied.
Moreover, a reaction mechanism will be proposed to describe the synthesis route from
CO2 to the longest chained products obtained under hydrothermal conditions over Fe3O4
catalyst.
8.2 Materials and methods
The reaction was conducted in the reactor represented in Figure 3.1. The reactions
proceeded at 300 ◦C with a CO2:H2O mole ratio = 0.26 and over 0.56 g of Fe3O4 (97 %
metal basis, Alfa Aesar) catalyst. The times explored were: 1 h, 2 h, 4 h, 8 h, 12 h, 18 h,
24 h, 48 h, 72 h, 96 h and 120 h. The experimental procedure is detailed in Section 3.2.2.
Samples for gas chromatography-mass spectrometry (GCMS) analysis were
prepared by the addition of 1 µL of internal standard (4-methyl-2-pentanol) to 1.5 mL
of the liquid phase collected. Liquid species with low carbon number (≤ C3) were
analysed using the method detailed in Table 5.2. Products with higher carbon content
140
Chapter 8. Reaction mechanism
were evaluated with the method depicted in Table 5.1. For the quantification of ethanol,
the GCMS method summarised in Table 6.1 was selected. The amount of sample
injected was 0.5 µL and 1 µL for analysing products with low and high carbon number
respectively. Products were quantified according to the calibration curves presented in
Appendix B, Appendix C and Appendix D.
Gas phase products were monitored by mass spectrometry (HPR-20-QIC, Hiden
Analytical) as explained in Section 3.4.1 using the m/z ions shown in Table 5.4. Ions
12 and 22 were also scanned as they are present in CO2 mass spectrum pattern. The
gas products were identified following the method described in Appendix E. In addition
to online MS analysis, gas phase samples were collected with a gas sampling bag and
analysed by gas chromatography-thermal conductivity detector (GC-TCD) using the
method described in Section 3.4.2.
8.3 Results and discussion
8.3.1 Liquid products distribution
The analysis of liquid products obtained at different reaction times was divided into
two groups: (i) products formed at reaction times≤ 18 h, illustrated in Figure 8.1 and (ii)
species synthesised at longer reaction times, plotted in Figure 8.2.
Figure 8.1a shows the products with low carbon number detected at short reaction
times. Methanol was the major compound produced at all times investigated. The
highest methanol concentration reached was above 8 mmol/L after 12 h of reaction.
Methanol production was approximately stable at approximately 1.5 mmol/L at 1 h and
2 h. However, after 4 h of reaction, methanol concentration dramatically increased to
ca. 5.5 mmol/L. Subsequently, methanol production decreased at 8 h followed by a
sharp increase at 12 h. These results suggests that methanol forms and decomposes
continuously under the hydrothermal reaction conditions.
Acetone was also synthesised at short reaction times with similar concentrations of
approximately 0.5 mmol/L during the first 18 h of reaction (Figure 8.1a). On the other
hand, ethanol was detected at 2 h, 8 h and 18 h in trace concentrations.
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Products with high carbon number formed at short reaction times are represented
in Figure 8.1b. The species detected encompass long straight-chained products such
as heptanal and 2-octanone, and also cyclic ketones with rings of five, six and seven
carbons. From Figure 8.1b, the first point to note is that heptanal and 2-octanone were
only produced at 2 h, 4 h and 8 h, whereas cyclic ketones appeared at all reaction times
investigated. The highest cyclopentanone concentration reached was approximately
0.15 mmol/L after 1 h of reaction. For longer times, the production of cyclopentanone
decreased gradually, and at 12 h it increased again to just below 0.1 mmol/L. At 18 h,
cyclopentanone was not found. In contrast, cycloheptanone exhibited an opposite trend,
enhancing concentrations with increasing reaction time up to 12 h. However, at 18 h a
substantial drop in cycloheptanone was observed. On the other hand, cyclohexanone
production remained approximately steady at ca. 0.1 mmol/L in the range of time
considered, with the exception of 12 h where the concentration of cyclohexanone
increased to 0.16 mmol/L.
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Figure 8.1: Liquid products distribution at short reaction times . Reaction conditions: T = 300 ◦C,
CO2:H2O mole ratio = 0.26 and 0.56 g of Fe3O4 catalyst.
In regard to straight-chained products, the highest heptanal concentration observed
at short reaction times (Figure 8.1b) was 0.17 mmol/L at 4 h while the maximun
2-octanone production was ca. 0.2 mmol/L after 8 h of reaction. 2-Butanone was also
detected at 2 h, although in small concentrations. The fluctuations in the concentration
of products with high carbon number reinforce the hypothesis that the conversion of
CO2 under hydrothermal conditions is a complex system with numerous reactions, where
different species form and decompose in competitive and parallel reactions.
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The hydrothermal conversion of CO2 was also conducted at 300 ◦C with a CO2:H2O
mole ratio of 0.26 at longer reaction times: 24 h, 48 h, 72 h, 96 h and 120 h. The results
are shown in Figure 8.2. At these time intervals, methanol was also the major liquid
product with concentrations of approximately 3 mmol/L, except at 120 h where methanol
production increased to just above 5 mmol/L (Figure 8.2a). In regard to acetone, its
concentration increased moderately from 24 h to 120 h. However at 96 h, acetone yielded
more than 3.5 mmol/L. This large concentration, higher than methanol at this reaction
time, may have been caused by contamination with acetone residing either in the reactor
or in the GCMS column. Ethanol was detected in low concentrations after 24 h, 48 h and
72 h of reaction.
Figure 8.2b shows the distribution of products with high carbon number obtained
at long reaction times. The most noticeable feature revealed by Figure 8.2b is that, in
contrast to shorter times, 2-butanone and cyclooctanone were produced in significant
amounts. Moreover, heptanal, which was one of the major long straight-chained
products at short times, was not detected at the times represented in Figure 8.2b.
2-Butanone appeared at the longest reaction times investigated, specifically at 72 h, 96 h
and 120 h, exhibiting a maximum concentration of ca. 0.3 mmol/L at 96 h. In contrast,
cyclooctanone was formed in smaller concentrations at shorter times. The highest
production of cyclooctanone was approximately 0.07 mmol/L after 24 h of reaction.
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Figure 8.2: Liquid products distribution at long reaction times . Reaction conditions: T = 300 ◦C,
CO2:H2O mole ratio = 0.26 and 0.56 g of Fe3O4 catalyst.
Cyclopentanone, cyclohexanone and cycloheptanone were produced at all times, as
illustrated in Figure 8.2b. While cyclohexanone exhibited similar concentrations of ca.
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0.22 mmol/L at all times, cyclopentanone showed a peak production of 0.19 mmol/L at
76 h and 92 h. Cycloheptanone also exhibited the highest production at 72 h with a value
of 0.3 mmol/L. Pentanal was also formed in small concentrations after 72 h of reaction.
In regard to the effect of the heating time, the liquid sample collected was analysed
and trace quantities of methanol may have been formed, although this could not be
confirmed since a "well-shaped" methanol peak was not found in the GC chromatogram.
Species with higher carbon content were not detected.
8.3.2 Gas products distribution
The gas phase resulting from the hydrothermal conversion of CO2 at different
reaction times was analysed by online connected MS. Gas samples were also collected in
a gas sampling bag and analysed offline by GC-TCD.
Results of the analysis of the gas phase using MS are gathered in Table 8.1 and
Table 8.2. The CO2 conversion obtained at the different reaction times investigated
is present in Table 8.1. The error in the quantification of the conversion of CO2 was
approximately 15 % (Appendix G).
As it is shown in Table 8.1, the highest conversion of 13.8 % was reached after
4 h of reaction time. Moreover, the highest CO2 conversion values were found within
the first 24 h of reaction. These results suggest that with time, products may have
decomposed yielding CO2. Furthermore, in general the highest values of CO2 conversion
were reported in reactions where CO was formed. Indeed, the production of CO after
4 h of reaction time was 11.14 mmol, whereas after 2 h and 18 h it was 0.23 mmol and
0.05 mmol respectively. The carbon containing products obtained represented less than
1 mol% of the gas phase, except for a reaction time of 4 h where this percentage increased
to ca. 12 mol% due to the large amount of CO produced. This dramatic difference in CO
production could have been caused by a reaction temperature higher than the set 300 ◦C,
owing to a inappropriate operation of the thermocouple. On the other hand, after the
heating time the conversion of CO2 was negligible (calculated CO2 conversion = 0.4 %).
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Table 8.1: CO2 conversion and gas phase composition at different reaction times. Reaction conditions:
T = 300 ◦C, CO2:H2O = 0.26 mol and 0.56 g of Fe3O4 catalyst.
Time [h] XCO2 [%] Gas phase composition
1 3.4 CO2, H2, H2O, CH4, acetaldehyde, formaldehyde, formic
acid and ethylene
2 2.1 CO2, CO, H2, H2O, CH4, acetaldehyde, formaldehyde,
formic acid and ethylene
4 13.8 CO2, CO, H2, H2O, CH4, acetaldehyde, formaldehyde and
ethylene
8 2.3 CO2, H2, H2O, CH4 and acetaldehyde
12 2.0 CO2, H2, H2O, CH4 and acetaldehyde
18 4.3 CO2, CO, H2, H2O, CH4 and acetaldehyde
24 1.7 CO2, H2, H2O, CH4, acetaldehyde, formaldehdye and
ethylene
48 2.1 CO2, H2, H2O, CH4 and acetaldehyde
72 1.0 CO2, H2, H2O, acetaldehyde, formaldehyde and formic acid
96 1.9 CO2, H2, H2O, CH4, acetaldehyde, formaldehyde, formic
acid, ethylene and acetone
120 1.2 CO2, H2, H2O, acetaldehyde, formaldehyde and formic acid
Table 8.2 summaries the concentration of H2 in the gas phase at the end of the
reaction at different times. It is noteworthy that this H2 is the difference between the
H2 formed and the H2 involved in the synthesis of products. Moreover, Table 8.2 also
includes the amounts of methane and ethylene produced.
In regard to H2, no specific trend was found in the evolution of the amount of
H2 with time. Methane and ethylene were produced at shorter reaction times, whereas
at longer times, in general only CH4 was synthesised. Furthermore, at 72 h and 120 h
neither CH4 nor C2H4 were formed. However, at 96 h the production of ethylene reached
the highest value, while CH4 was also formed in a significant amount. The lack of clear
trends in hydrocarbons production and H2 evolution provides further evidence to the
aforementioned hypothesis that the products form and decompose continuously under
hydrothermal conditions. GC-TCD analysis of the gas phase confirmed the presence of
ethylene and hydrogen.
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Table 8.2: H2 and hydrocarbons detected in the gas phase at different reaction times. Reaction conditions:
T = 300 ◦C, CO2:H2O mole ratio = 0.26 mol and 0.56 g of Fe3O4 catalyst.
Reaction time [h] H2 [mmol] CH4 [µmol] C2H4 [µmol]
1 0.15 14.32 23.25
2 0.03 13.69 19.07
4 0.23 18.38 34.72
8 0.30 18.0 -
12 0.38 24.0 -
18 0.71 53.45 -
24 0.20 17.99 26.10
48 0.61 33.53 -
72 0.14 - -
96 0.24 25.91 48.97
120 0.08 - -
8.3.3 Characterisation of spent catalysts
Spent Fe3O4 catalysts after selected reaction times were characterised by
temperature-programmed oxidation (TPO), scanning electron microscopy (SEM) and
X-ray diffraction (XRD). Higher CO2 conversion values were reached at times ≤ 24 h,
thus, special effort was made to study catalysts used at shorter reaction times. Fe3O4 after
120 h of reaction was also characterised by SEM and XRD.
TPO analysis of spent catalysts
The highest CO2 conversion values were reported within the first 24 h of reaction
(Table 8.1). To investigate the evolution of the catalyst during this time, TPO analysis
was conducted for spent catalysts after 1 h, 4 h and 24 h of reaction, using the method
described in Section 3.5.5. Results are plotted in Figure 8.3. The TPO profiles for the
three times evaluated were practically identical; however, there seems to be a shift in the
peak position to slightly lower temperature with increasing time on stream. The TPO
patterns showed a single symmetric peak centered at approximately T = 260 ◦C. This
low temperature is characteristic of amorphous carbon species. The modest divergence
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observed in the peak area of the three peaks may have been caused by the difference in
the amount of spent catalyst tested by TPO.
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Figure 8.3: TPO profile of spent Fe3O4 catalyst after different reaction times. Reaction conditions: T =
300 ◦C, CO2:H2O mole ratio = 0.26 and 0.56 g of Fe3O4 catalyst. Mass of spent catalyst employed in
TPO analysis = 30 - 40 mg.
SEM images of fresh and spent Fe3O4 catalyst after different reaction times
To study the changes in Fe3O4 with reaction time, different spent catalysts were
selected for SEM imaging. Data gathered in Table 8.1 showed that the highest CO2
conversions were detected within the first 24 h of reaction. Hence, spent catalysts after
short reaction times were characterised by SEM, particularly catalysts used for 1 h, 4 h,
8 h and 18 h of reaction. The spent catalyst after 120 h of reaction was also analysed. The
SEM images obtained are shown in Figure 8.4. A SEM image of fresh Fe3O4 catalyst is
also included in Figure 8.4.
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5 μm
(a) SEM image of fresh Fe3O4.
5 μm
(b) SEM image of Fe3O4 after 1 h reaction.
5 μm
(c) SEM image of Fe3O4 after 4 h reaction.
5 μm
(d) SEM image of Fe3O4 after 8 h reaction.
5 μm
(e) SEM image of Fe3O4 after 18 h reaction.
5 μm
(f) SEM image of Fe3O4 after 120 h reaction.
Figure 8.4: SEM images of fresh and spent Fe3O4 catalyst after different reaction times. Measurement
conditions: V = 20 kV, WD = 12 mm and magnification = ×3000.
As is shown in Figure 8.4, both fresh and spent catalysts exhibited agglomeration of
small grains, whose size could not be determined at the magnification used. Moreover,
all catalysts presented a rough surface. From Figure 8.4 it appeared that the density
of particles, in general, increased with increasing reaction time. Indeed, at longer
reaction times (Figure 8.4e and Figure 8.4f), the particles appeared more compacted.
These changes in the catalysts may have been caused by the deposition of carbonaceous
materials and the hydrothermal reaction conditions. The mechanical forces caused by the
mixer may also have modified the structure of the catalysts.
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XRD analysis of spent catalysts
XRD pattern of spent Fe3O4 catalyst after 4 h of reaction time is illustrated in Figure
7.26. No change in the bulk crystalline phase of the catalyst was observed. In order to
evaluate if the reaction time promoted transformations in the catalyst crystalline phase,
the XRD pattern of spent Fe3O4 after 120 h of reaction time was recorded and plotted
in Figure 8.5. This pattern was analysed with the software PDF-4+ 2016 and it was
suggested that the peaks observed in Fe3O4 after 120 h under hydrothermal conditions
corresponded to the typical XRD peaks of Fe3O4 crystalline phase. This result may
reveal that the reaction time did not promote changes in the bulk crystalline phase of the
catalyst.
20 30 40 50 60 70 80
2θ [°]
In
te
ns
ity
[a.u.]
Figure 8.5: XRD pattern for spent Fe3O4 after 120 h of reaction time.
8.4 Reaction mechanism
It is worth noting that, in this work, no attempt was conducted to determine either
the activation nor the adsorption/desorption energies of the reactants/products on the
catalyst surface by density functional theory (DFT) calculations. Therefore, the reaction
mechanism proposed was based on data found in literature and on the liquid products
distribution discussed in Section 8.3.1 as longer chained products were detected in the
liquid phase and hence, a more complex mechanism for their formation was required.
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The first step in the production of hydrocarbons and oxygenates under hydrothermal
conditions is the generation of H2 under such conditions by the reaction of Fe3O4 and
H2O to form Fe2O3 as proposed in Equation 8.1 (Tamaura et al., 1994; Otake et al.,
2010):
2Fe3O4 + H2O↔ 3Fe2O3 + H2 (8.1)
The major product in liquid phase was methanol (Figure 8.1a and Figure 8.2a).
The mechanism for the production of methanol from CO2 has been widely studied over
different catalysts, such as Pd/β-Ga2O3 (Collins et al., 2004), CeO2 (Cheng & Lo, 2016)
and Co-modified Cu (Qiu et al., 2016), among others. Although there is still controversy
whether formate (HCOO) or carboxylate (COOH) is the reaction intermediate, the
formate pathway is most accepted, according to the steps shown in Equation 8.2 (Cheng
& Lo, 2016; Qiu et al., 2016):
CO2
H∗−−→ HCOO∗ H∗−−→ H2COO∗ H
∗−−→ H2COOH∗
H2COOH
∗ H∗−−→ H2CO∗ H
∗−−→ H3CO∗ H
∗−−→ CH3OH
(8.2)
where ∗ refers to adsorbed species.
In this mechanism, the H2 generated by H2O reduction reacted with the CO2
absorbed on the catalyst surface to form the formate intermediate.
Studies of the mechanism for hydrogenation of CO2 to longer chained products,
both hydrocarbons and oxygenates, has been inspired by the Fischer Tropsch (FT)
synthesis mechanism (Hardy & Gillham, 1996; Saeidi et al., 2014). There are two
alternative routes: (i) conversion of CO2 to CO by reverse water gas shift reaction
(Equation 2.7) followed by CO hydrogenation through the traditional FT mechanism
or (ii) direct CO2 hydrogenation by a modified FT mechanism (Saeidi et al., 2014).
Although among Fe phases it is Fe3O4 that is the most active for RWGS reaction (Wang
et al., 2003), in this work, due to the presence of a large amount of H2O in the reaction
media, the production of CO by RWGS reaction was not favoured. Hence, the direct CO2
hydrogenation may be more favourable.
Nowadays, it is suggested that FT synthesis occurs through the so-called "carbide
mechanism", since Fe carbides formed in situ were found to be active in these
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transformations (Riedel et al., 2003; Gnanamani et al., 2013). Nevertheless, there is
still controversy about the specific identity of the active phase of the catalyst in CO2
hydrogenation. Riedel et al. (2003) reported the formation of Fe-carbides (particularly
Fe5C2) from a Fe-Al-Cu-K catalyst under H2/CO2 mixtures. However, Visconti et al.
(2016) suggested that the formation of Fe-carbides required the presence of high partial
pressures of CO, since they did not observe Fe carbides during the hydrogenation of
CO2. In contrast, Visconti et al. (2016) reported the formation of Fe carbides during
CO hydrogenation. It is worth highlighting, that Visconti et al. (2016) employed a
catalyst with lower K content and a different CO2:H2 molar ratio than those used by
Riedel et al. (2003). In line with Visconti et al. (2016), Ando et al. (2000a) suggested
that the formation of Fe carbides was suppressed during CO2 hydrogenation. Moreover,
Gnanamani et al. (2013) reported the feasibility of the transformation of χ-Fe5C2 to
Fe3O4 during CO2 hydrogenation with H2:CO2 = 3:1. Furthermore, high H2O and CO2
partial pressures may favour the change from Fe-carbide to magnetite (Gnanamani et al.,
2013). Indeed, H2O may prevent the production of carbides by oxidising the surface of
the Fe-based catalysts (Ando et al., 2000b).
In this work, due to the high CO2 and H2O partial pressures, Fe carbides may
have not been formed, as shown in Figure 8.5. The more oxidic, more metallic and
less carbidic the catalyst is, the greater the trend to produce oxygenates (Riedel et al.,
2003). Furthermore, Fischer did not support the carbide mechanism for the formation of
oxygenates by CO hydrogenation (Davis, 2009). In this work, the products with higher
carbon number obtained were oxygenates. Therefore, Fe oxides or reduced iron centers
which are stable at low CO partial pressures may have acted as active sites (Visconti
et al., 2016).
The longer chained oxygenates obtained at short reaction times were heptanal and
2-octanone (Figure 8.1b). The Gibbs free energy of the reaction of CO2 and H2 to form
these species according to Equation 8.3 and Equation 8.4 at 300 ◦C are +2860.4 kJ/mol
and +3246.9 kJ/mol respectively (calculated with the software HSC version 5.1).
7CO2 + 7H2 ↔ C7H14O + 13
2
O2 ∆G300 ◦C = +2860.4 kJ/mol (8.3)
8CO2 + 8H2 ↔ C8H16O + 15
2
O2 ∆G300 ◦C = +3246.9 kJ/mol (8.4)
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According to ∆G values, the feasibility of producing hexanal and 2-heptanone
(∆G = +2430.5 kJ/mol and ∆G = +2817.9 kJ/mol respectively) was more favoured than
the synthesis of heptanal and 2-octanone. However, the role of the catalyst was to
decrease the activation energy (Figure 8.6). Fe3O4 catalyst may facilitate the drop in the
activation energy for the formation of heptanal and 2-octanone. Moreover, the production
of heptanal and 2-octanone may have been promoted by the size of the active center.
The carbon chain grew until there was no more space available in the active sites and,
hence, it was desorbed. The impact of the spatial constraints in product selectivity in
CO and CO2 hydrogenation was suggested by Schulz et al. (1999) to explain the high
content of α-olefins among the linear olefins. At longer reaction times, 2-butanone was
more abundant than 2-octanone and heptanal was not detected (Figure 8.2b). With time,
active sites may have lost their activity for the formation of long chained carbon products
and 2-butanone may have been formed by decomposition of 2-octanone. In Chapter 7
it was indicated that zeolites were more selective to cyclic ketones than catalyst with
low BET surface area. Therefore, cyclic ketones may have been formed by cyclisation of
straight-chained products in active sites of different nature to those where carbon chained
products were synthesised.
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Figure 8.6: Changes of activation energy in catalytic reactions.
On Fe surfaces, the hydrogenation of CO2 to long chained products may occur
through the formation of formate (HCOO) as an intermediate (Figure 8.7) or carboxylate
(COOH) as the intermediate (Figure 8.8). It has been reported that the adsorption of
HCOO on the catalyst surface is more stable than that of carboxylate (COOH) (Li & Ho,
2010; Liu et al., 2015). Thus, the first step in the proposed mechanism for the formation
152
Chapter 8. Reaction mechanism
of heptanal and 2-octanone may be the formation of HCOO as shown in Figure 8.7.
However, it has been observed (Figure 8.1 and Figure 8.2) that liquid species formed
during the hydrothermal conversion of CO2 maintained the C=O double bond. Hence, the
carboxylate intermediate might become an attractive alternative mechanism path since
the C=O bond is preserved through all the steps as illustrated in Figure 8.8.
Figure 8.7: Reaction mechanism for the production of heptanal and 2-octanone via the formation of
formate as an intermediate.
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Figure 8.8: Reaction mechanism for the production of heptanal and 2-octanone via the formation of
carboxylate as an intermediate.
In addition to the chain growth by CO2 addition, a mechanism based on aldol
condensations is also proposed in Figure 8.9 for heptanal production and Figure 8.10 for
2-octanone formation. The synthesis of these straight-chained products used as starting
reactants substances identified, in turn, as products, such as acetaldehyde, formaldehyde
and acetone. It is worth noting that branched-chained species are also common products
of aldol condensations. However, in this work, branched-chained products were not
154
Chapter 8. Reaction mechanism
detected. Hence, this may indicate that it is not likely that the production of long straight
carbon chains took place by aldol condensations. Alternatively, the high selectivity to
straight-chained substances during aldol condensation under reaction conditions could
be caused by spatial constraints of the catalyst.
Figure 8.9: Reaction mechanism for the production of heptanal based on aldol condensations.
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Figure 8.10: Reaction mechanism for the production of 2-octanone based on aldol condensations.
8.5 Conclusions
In this chapter, the effect of the reaction time on the hydrothermal conversion
of CO2 using Fe3O4 catalyst was explored. From the analysis of the liquid and gas
products distribution, the main conclusion drawn was that the reaction system consisted
of numerous reactions, where products continuously formed and decomposed, either to
yield CO2 again or to produce new species. This complexity hindered the proposition of
a reaction mechanism, since it was challenging to identify the reaction intermediates with
only the data reported in Section 8.3.1. Hence, further research is necessary to clarify this
point.
However, based on data available in literature and on the product distribution
obtained at different reaction times, two alternative reaction mechanisms were suggested
for the production of heptanal and 2-octanone. The main characteristics of these
mechanisms were the production of H2 by H2O reduction over Fe3O4 catalyst and the
formation of HCOO or COOH as the first step in carbon chain growth.
In the liquid phase, methanol was the major product formed. Despite the
formation and decomposition of species under hydrothermal conditions, products such
as cyclohexanone maintained stable concentrations of approximately 0.1 mmol/L at
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reaction times ≤ 18 h. Moreover, at longer times, cyclohexanone also exhibited steady
concentrations, although with a higher value of ca. 0.22 mmol/L.
The highest CO2 conversion values were reached within the first 24 h of reaction.
Specifically, after 4 h of reaction, the maximal CO2 conversion of 13.8 % was found.
In general, higher conversions were associated with larger productions of CO. Indeed,
after 4 h of reaction time, 11.14 mmol of CO was formed. At this time, the mole percent
of carbon contained species in the gas phase at the end of reaction was ca. 12 mol%,
whereas at the other times tested, this percentage dropped to values lower than 1 mol%.
In regard to the study of the effect of heating time, results suggested that CO2
conversion was negligible during this time. Indeed, the presence of methanol in the liquid
phase could not be confirmed. On the other hand, results from catalyst characterisation
by TPO and SEM indicated the presence of carbonaceous deposits on the Fe3O4 catalyst.
XRD results suggested that reaction time did not cause any change in the crystalline
phase of the bulk structure of the catalyt.
In the experimental chapters of this thesis (Chapters 4 to 8), the hydrothermal
conversion of CO2 to higher hydrocarbons and oxygenates has been studied based
on different parameters such as CO2:H2O mole ratio under aerobic and anaerobic
atmosphere, reaction temperature and time and use of different solvents, among others.
With reference to the results obtained, Chapter 9 will present a number of overall
conclusions. Moreover, based on the experimental work conducted, various suggestions
for future work will be proposed.
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9.1 Introduction
The abundance of CO2 along with its lack of toxicity and relative low price, has
triggered an increased interest in the use of CO2 in industrial applications, for instance
as a C1 building block (Ma et al., 2009). After reviewing the literature (Chapter 2), it
seemed evident that several strategies have been proposed for the conversion of CO2 such
as photochemical and electrochemical reactions and the hydrogenation of CO2 among
other techniques. Whereas photochemical and electrochemical transformations led to
low CO2 conversions (Dorner et al., 2010), hydrogenation reactions of CO2 implies the
use of H2 as co-reactant, which is expensive and highly energy intense to produce (Centi
et al., 2013).
Therefore, the primary objective of this research was to explore the feasibility of
the formation of useful products, such as hydrocarbons and oxygenates, using CO2 as
the carbon source under hydrothermal conditions in the absence of the addition of gas
phase H2. As a consequence, the investigation of alternative hydrogen sources, such as
water, methanol or isopropanol, was required to pursue this goal. It is to be highlighted
that most of the research conducted on this field was inspired by hypothesis about the
abiogenic origin of life on Earth. Hence, the utilisation of materials containing elements
present in the Earth’s crust as catalysts, such as Fe, was of interest to explain the role that
hydrothermal reactions of CO2 may have played on the origin of life on Earth.
This chapter is divided into two main sections. In the first one (Section 9.2), the
major conclusions drawn based on the experimental results of this work will be compiled.
Section 9.3 will be divided, in turn, in two subsections. In Section 9.3.1, limitations of the
analytical methods employed in this research will be described and a number of strategies
to overcome these constraints will be proposed. Finally, various research directions for
further investigations will be suggested in Section 9.3.2.
9.2 Conclusions
In the hydrothermal conversion of CO2 there are different parameters which
influence the progress of the reaction. In this work, the effect of the CO2:H2O mole
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ratio, the temperature, the solvent used as a hydrogen source, the catalyst type and the
reaction time were investigated. For the realisation of most of these experimental tests,
Fe powder was selected as a catalyst, except for the study of the effect of the reaction
time, where Fe3O4 was employed, since it exhibited the highest CO2 conversion after 4 h
of reaction under the optimal conditions (T = 300 ◦C, CO2:H2O mole ratio = 0.26 mol and
0.56 g of catalyst). Based on the results of the aforementioned experiments, a number of
conclusions were drawn.
Influence of CO2:H2O mole ratio
In general, previous studies on the hydrothermal conversion of CO2 employed
fixed amounts of H2O rather than exploring the effect of varying the volume of water
in the media. In this work, the influence of the CO2:H2O mole ratio on the product
distribution was investigated under two different scenarios: (i) in the presence of air at
350 ◦C (Chapter 4) and (ii) under anaerobic conditions at 300 ◦C (Chapter 5). These
differences governed the species formed.
At 350 ◦C under aerobic conditions at the different CO2:H2O mole ratios
investigated, products in the liquid phase with high carbon content included heptanal,
2-octanone, phenol and cyclic ketones from C5 to C8. However, in the absence of air and
at 300 ◦C, the modification of CO2:H2O mole ratio resulted mainly in the formation of
only heptanal and 2-octanone. Hence, higher temperatures and the presence of air may
have favoured the production of more complex species such as cyclic ketones and phenol.
In regard to the gas phase, the most significant point to underline was that at 350 ◦C, CO
was detected in all CO2:H2O mole ratios explored, whilst CO was not formed at 300 ◦C.
Notwithstanding these differences, in both scenarios, at the different CO2:H2O
mole ratios investigated, liquid and gas phase product distribution was practically
identical from the qualitative point of view. However, different CO2:H2O mole ratios
influenced quantitatively the product distribution. Thus, these results suggest that the
selectivity to a specific product can be enhanced by modified the CO2:H2O mole ratio.
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Influence of the reaction temperature
In general, in the hydrothermal conversion of CO2 at different reaction temperatures
has not been explored under identical reaction conditions. Thus, in this work, the effect
of the reaction temperature was studied using a CO2:H2O mole ratio of 0.26 and 0.56 g of
Fe powder catalyst. Temperatures between 200 ◦C and 350 ◦C with a step of 50 ◦C were
investigated. Results indicated that the higher the temperature, the greater the product
range detected. In regard to the conversion of CO2, it was relatively constant at the four
temperatures investigated. Nevertheless, at 300 ◦C the CO2 conversion was modestly
higher. This increase may have been caused by deposition of carbon on the catalyst
surface.
Influence of solvent selected
Investigations on the conversion of CO2 under hydrothermal conditions employed
H2O as the solvent since these works were inspired by studies on the origin of life on
Earth. Hence, in most of the hydrothermal reactions of CO2 conducted in this work, H2O
was used as the solvent. However, the effect of other solvents, such as methanol and
isopropanol, not previously explored in this type of reactions, was also investigated.
The obtained results suggest that in addition to its role as a solvent, H2O can
effectively act as a H2 source in the presence of CO2 under both aerobic and anaerobic
conditions. On the other hand, the most remarkable point of using pure alcohols as
alternative solvents was the production of a significant number of species with very high
carbon content (≥ C9). Moreover, by comparing the effect of methanol and isopropanol,
it was observed that methanol enhanced the formation of products with a higher carbon
number. However, these heavy substances may have taken the alcohols as the carbon
source rather than the CO2, since these solvents exhibited a lower CO2 conversion than
H2O. Furthermore, in the absence of CO2 these heavy products were also synthesised
although in lower concentrations (Figure 6.4). 13C-labelled alcohols could be used to
prove that the carbon source for the formation of these heavy species may be the alcohol.
In regard to the production of long chained products such as heptanal and
2-octanone, the use of alcohols and their mixtures with H2O as solvents enhanced their
production compared to pure H2O. Furthermore, mixing the alcohols with H2O had a key
161
Chapter 9. Conclusions and suggestions for future work
influence in increasing heptanal production, whilst no significant change was observed in
the formation of 2-octanone (Figure 6.3).
Influence of air in the reaction media
Although Tian et al. (2010) indicated that different oxygen concentrations did
not modify the products and the yield obtained from the conversion of CO2 under
hydrothermal conditions, this work suggested that the outcome of the hydrothermal
reaction of CO2 was influenced by the presence or absence of air in the media. Moreover,
the CO2:air mole ratio governed the product distribution. The addition of large amounts
of air increased the concentration of methanol and acetone while inhibiting the formation
of products with high carbon content. Indeed, species with high carbon number such as
pentanal, cyclohexanone, heptanal and 2-octanone were only detected in the presence of
ca. 1 bar of air. This result agreed with experiments reported in Chapter 4, where species
with high carbon content, such as heptanal and 2-octanone among others, were produced
under 1 bar of air under hydrothermal conditions at 350 ◦C.
Finally, it is worth highlighting that at T = 300 ◦C, VH2O = 7 mL, PCO2+air = 25 barg
and 0.56 g of Fe powder catalyst, ethanol was only produced under aerobic conditions.
Influence of the catalyst type
In Section 2.4.2 it was reported that most of the studies on the hydrothermal
conversion of CO2 used Fe-based materials as catalysts. In this work, in addition to
Fe-based catalysts, other materials, such as zeolites, carbons and γ-Al2O3, were tested to
investigate the influence of different types of active sites in product distribution.
In this work, the catalysts screened in the hydrothermal conversion of CO2 were
divided in three groups: (i) catalysts with low BET surface area including Fe powder,
Fe3O4, Fe2O3, Fe/Al2O3 and γ-Al2O3; (ii) zeolites H-ZSM-5 and H-Zeolite Y, both
impregnated with Fe and without impregnation and (iii) Activated Charcoal Norit® and
Norit GSX carbons, tested as catalysts and also as supports after Fe impregnation.
These different catalysts evaluated influenced both product distribution and CO2
conversion. The main conclusions drawn are summarised below:
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• The major liquid product synthesised with all the catalysts employed was methanol.
• Catalysts with low BET surface promoted the formation of straight-chained
products with high carbon number such as heptanal and 2-octanone while zeolites
favoured the synthesis of C5-C7 cyclic ketones.
• Both H-Zeolite Y and Fe/HY increased the production of cyclic ketones compared
to Fe/H-ZSM-5 and H-ZSM-5. It is worth noting that the acidity of H-ZSM-5 was
higher. However, there was insufficient research on the framework of the zeolites
to identify the property behind that behaviour.
• Carbons produced only C1 and C2 alcohols.
• Fe3O4 exhibited the highest CO2 conversion (13.8 %) among the catalysts explored.
• In general, catalysts which promoted the synthesis of CO exhibited higher CO2
conversion values.
• TPO results confirmed the formation of carbon deposits on Fe powder and Fe
oxides.
• The XRD pattern obtained for Fe3O4 and Fe2O3 after reacted for 4 h under
hydrothermal conditions suggested that no significant changes in the crystalline
phase of the bulk structure occurred. It might be possible that Fe powder was
partially oxidised during reaction.
• It was found that Fe powder was a suitable catalyst for the production of H2 under
hydrothermal conditions in the presence of CO2.
Influence of the reaction time
The hydrothermal conversion of CO2 was conducted at different times to
investigate the evolution of the reaction using Fe3O4 as the catalyst. The main finding
to arise from this study was that a number of parallel and competitive reactions occurred
at the same time, since the concentration of the different products increased and decreased
during the period of time explored. Moreover, some species may have decomposed
into CO2. Hence, it was difficult to identify the key reaction intermediates. It is worth
mentioning that the highest CO2 conversion was reached after 4 h of reaction.
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Studies on the reaction mechanism of the hydrothermal conversion of CO2 are
limited. Tian et al. (2007) proposed a reaction path for the synthesis of phenol while
He et al. (2010) and Liu et al. (2013) focused on the mechanisms for the production
of simpler molecules such as methane (Liu et al., 2013), formic acid and acetic acid (He
et al., 2010). In Chapter 8, for the first time, a mechanism was suggested for the synthesis
of longer straight-chained products.
According to the experimental data obtained and to literature, two alternative
mechanisms were proposed for the synthesis of heptanal and 2-octanone. The main
difference between them was the first step in chain growth. The first method, supported
by literature, considered that formate (HCOO) was the first intermediate in the production
of chained species. However, the second mechanism suggested that the formation of long
products originated from carboxylate (COOH), since the C=O double bond is maintained
through the whole process.
General conclusions
The most significant finding to emerge from this research was the demonstration of
the feasibility of the conversion of CO2 into higher hydrocarbons and oxygenates under
hydrothermal conditions in the absence of addition of gas phase H2. Moreover, these
transformations were conducted using materials present in the Earth’s crust as catalysts,
particularly Fe. Thus, hydrothermal conversion of CO2 over Fe-based materials may have
played a crucial role in the origin of life on the Earth.
The hydrothermal conversion of CO2 yielded products in both liquid and gas
phases. Methanol was the major product in the liquid phase. Other liquid products
such as acetone, heptanal, 2-octanone and C5 to C8 cyclic ketones were synthesised for
the first time from CO2 under hydrothermal conditions. In the gas phase, the products
detected contained one or two carbons. In addition to oxygenates, i.e. formaldehyde
and acetaldehyde, hydrocarbons such as methane and ethylene were also detected under
most of the reaction conditions explored. In general, in those scenarios where CO was
synthesised, the conversion of CO2 exhibited a dramatic increase.
Experimental results analysed from Chapter 4 to Chapter 8 indicated that it was
possible to tailor the product distribution and enhance CO2 conversion by altering the
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different reaction conditions: CO2:H2O mole ratio, temperature, solvent, catalyst type,
time and the presence or absence of air in the reaction media.
Using Fe powder as catalyst, the optimal reaction conditions to enhance CO2
conversion and methanol production were a temperature of 300 ◦C, a CO2:H2O mole
ratio of 0.26 mol and 0.56 g of catalyst. The initial pressure of CO2 employed was
approximately 25 barg. During this research, these parameters were considered as the
standard conditions and were replicated a number of times, in order to compare these
optimal parameters with the other conditions tested. It was observed that when this
standard reaction was repeated in consecutive days, the product distribution was similar.
In contrast, when the replication was conducted at different dates, some differences were
detected as shown in Figure 9.1.
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Figure 9.1: Changes in product distribution using Fe powder catalyst at different dates. Reaction
conditions: T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of Fe powder catalyst.
The most significant discrepancy was related to the formation of cyclic ketones
(Figure 9.1b). These changes could be due to different batches of reagents being used
over time. For instance, it is worth to mention that the reaction dated at August 2015
was conducted by MSc student Matthew Connolly whereas the rest were carried out
by the author of this thesis. Furthermore, Fe powder catalyst could have undergone
modifications as a consequence of its contact with air. As illustrated in Figure 9.2, the
temperature- programmed reduction profile of fresh Fe powder catalyst showed a modest
H2 consumption in comparison to silver oxide (oxidised reference material analysed
by PhD candidate Amal K. Shehab). Hence, it may have been slightly oxidised. The
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different degree of oxidation of the Fe powder catalyst with time may have originated the
variations in product distribution.
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Figure 9.2: TPR profile of fresh Fe powder catalyst. Mass of fresh catalyst employed in TPR analysis =
50 mg. Inserted the TPR profile of a silver oxide, used as reference material.
9.3 Suggestions for future work
Significant progress has been made with identifying and explaining the role that
the reaction parameters play in the hydrothermal conversion of CO2. However, further
research is required to overcome a number of limitations of this work. In this section,
several proposals for future work are suggested. These recommendations are divided
into two groups: (i) propositions for improving the analytical methods (Section 9.3.1)
and (ii) ideas for future research investigations (Section 9.3.2).
9.3.1 Analysis techniques
In this section, a number of suggestions to optimise the analysis of the reaction
products, both in liquid and gas phase, and the characterisation of the catalysts are
proposed.
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Analysis of liquid phase products
To further improve the separation of the methanol peak from other ions dissolved
in the liquid sample (see Figure 5.1), the performance of another column could be tested,
e.g. a DB-Waxetr (Agilent).
Analysis of gas products
In Appendix G, it is reported that the error in the determination of the value of
the conversion of CO2 was approximately 15 %. In addition to human error and the
experimental inaccuracies caused by the instruments, the deconvolution method may
incur some inconsistencies, since the mass spectrum patterns used for most of the species
were the theoretical values found in the MS library (Appendix H). Therefore, using an
alternative method for gas analysis, i.e. online gas chromatography, may result crucial to
improve qualitatively and quantitatively the evaluation of the gas phase products.
It is worth mentioning that the gas stream was composed by permanent gases (CO2,
CO, H2, O2 and N2), water vapour, hydrocarbons and trace amounts of oxygenates in gas
phase. Thus, the selection of the column and the detector for GC analysis may be critical.
The use of a combination of two columns (i.e. packed column for permanent gases and
capillary column for the other products) and different detectors might be desired.
Alternatively to the analysis of the gas phase by online GC, MS analysis could be
improved by the addition of an internal standard when the CO2 is loaded into the reactor.
The ideal candidate would be an inert gas, such as Ar. By calculating the difference
between the initial and final CO2:Ar mole ratio, the number of moles of CO2 reacted
could be calculated.
Caracterisation of the catalysts
To reduce the contact of spent catalyst with air, once collected, the spent catalyst
could be dried in a vacuum furnace and store under vacuum conditions (ampoules) prior
to its characterisation.
On the other hand, in order to get further detail of the morphology of the catalyst,
SEM imaging should be conducted at higher magnification, i.e. nanometer scale. This
may favour the identification of different kind of materials on the catalyst surface.
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The composition of the surface of the catalysts was not characterised. Hence,
modifications of the surface, such as changes in the oxidation state of the Fe, could neither
be confirmed nor discarded. In order to address this challenge, X-ray photoelectron
spectroscopy (XPS) analysis could be conducted. Moreover, Mössbauer spectroscopy
could also be carried out to confirm the oxidation state of the Fe in the bulk phase of the
Fe-based catalysts.
9.3.2 Future research directions
It was demonstrated that all the reaction conditions explored in this research had a
direct impact in the outcome of the hydrothermal conversion of CO2. In line with this,
there are a number of reaction conditions which could be studied in future investigations:
• To study the effect of the initial pressure of CO2 on the progress of the reaction.
• To conduct the reaction at different pH to explore the influence of an acid or basic
media in the product distribution.
• To investigate the performance of other organic solvents as alternative hydrogen
sources.
To further elucidate the role of air in the synthesis of nitrogen-containing products,
15N-labelled air could be added to the reaction media to evaluate the change in mass of
the products, as proposed in Chapter 4.
A bi-functional catalyst containing e.g. Pd could be tested in order to favour
the dissociation of H2 and evaluate if the formation of dissociated hydrogen (H) is the
reaction rate-limiting step, as suggested in Chapter 5.
It is to be noted that formamide (CH3NO) was tested as a hydrogen donor under the
optimal hydrothermal reaction conditions. No liquid phase was found after 4 h of reaction
time. However, a solid white material soluble in water and acetone was observed. No
attempt was conducted to identify this substance. Nevertheless, considering the reactants
involved in the reaction, urea or an urea derivative may have been formed.
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The industrial process to synthesise urea from CO2 and NH3 is very well-known.
This process, which consists in the formation of ammonium carbamate and its subsequent
dehydration to form urea, is conducted at temperatures between 180 ◦C and 210 ◦C and
pressures of approximately 150 bar (Xiang et al., 2012). Therefore, it would be very
interesting to open a new line of investigation to evaluate the advantages that formamide
present against the established method for the production of urea. It is worthy mentioning
that a new experimental set-up should be designed to conduct these experiments to avoid
blockage of the charging and depressurisation lines.
On the other hand, it is to be stressed that no attempt was conducted in this research
to optimise the catalyst. Developing new catalysts by using promoters may have a drastic
effect towards product selectivity and CO2 conversion. In the hydrogenation of CO2 the
influence of Fe-based catalysts doped with K has been extensively investigated due to
its advantages such as the modifications of adsorption strengths of the molecules on the
active sites and higher selectivity to longer products among others (Dorner et al., 2010;
Iglesias G. et al., 2015; Kangvansura et al., 2016; Visconti et al., 2016). K-promoted
Fe catalysts could be tested in the conversion of CO2 under hydrothermal conditions.
Moreover, the evaluation of loading different amounts of K also represents an interesting
research line.
The use of Fe powder coupled with Ni powder has also been examined (Chen et al.,
2016). Under the hydrothermal conditions used in this work, Ni-based materials could be
combined with Fe catalysts to evaluate their influence in the performance of the reaction.
To further elucidate the reaction mechanism, 13C-labelled or deuterium-labelled
species (Miller & Moskovits, 1989; Davis, 2009) could be added to the system to test
their potential role as intermediates. For instance, adding 13C-labelled methanol may
clarify whether carbon growth is due to CO2 or methanol addition.
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9.4 Summary
This work focused on the methodical study of different reaction parameters
involved in the hydrothermal conversion of CO2. Elements present in the Earth’s
crust, principally Fe-based materials, were used as catalysts. The production of organic
species under such conditions might support the hypothesis about the leading role that
hydrothermal vents played on the origin of life on Earth. Moreover, the feasibility
of tailoring the reaction outcome by varying the experimental conditions revealed the
potential of the hydrothermal conversion of CO2 as an alternative route for the industrial
utilisation of CO2. Furthermore, if the energy involved in the process comes from
renewable sources, this technology could become an attractive energy storage vector.
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Appendix A
A Calibration of products according to GCMS method
described in Table 4.1
This appendix shows the GCMS calibration curves corresponding to the method
detailed in Table 4.1. The compounds calibrated were: 2-octanone (≥ 99 %, Across
Organics), heptanal (95 %, Across Organics), phenol (≥ 99.5 %, Sigma Aldrich),
cyclopentanone (≥ 99 %, Fisher Scientific), cyclohexanone (99.8 %, Fisher Scientific),
cycloheptanone (98 %, Fisher Scientific), cyclooctanone (98 %, Fisher Scientific) and
acetic acid (> 99 %, Acros Organics).
Calibration standards with different concentrations were prepared by successive
dilutions of an initial standard. The amount of target compound used for the preparation
of the first standard was selected considering the solubility of the organic product in water
and ensuring that this concentration was higher than the highest product concentration
obtained. Details for the preparation of standards are presented in Table A.1. The
procedure was applied twice and the resultant calibration curves were termed as Run
1 and Run 2. The regression curve considered for the quantification of liquid products
was the average between the two calculated curves.
Table A.1: Dilutions employed for the preparation of calibration standards using an initial standard.
Standard Volume standard 1 [mL] Total volume [mL]
2 1.0 3
3 1.0 5
4 0.5 8
5 0.3 8
6 0.1 8
A.1 Heptanal calibration
The initial standard consisted of 5 µL of heptanal dissolved in H2O giving a total
volume of 10 mL. Further dilution preparation is specified in Table A.1. The preparation
and analysis of the standards using the GCMS method described in Table 4.1 was
conducted twice. The two calibration curves obtained, termed as Run 1 and Run 2, are
illustrated in Figure A.1.
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Figure A.1: Calibration curves of heptanal according to the GCMS method described in Table 4.1.
A.2 2-Octanone calibration
To prepare the first standard, 10 µL of 2-octanone was dissolved in H2O, giving a
total volume of 10 mL. The specifications for the other calibration standards employed
are shown in Table A.1. The two calibration curves obtained are illustrated in Figure A.2.
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Figure A.2: Calibration curves of 2-octanone according to the GCMS method described in Table 4.1.
A.3 Phenol calibration
The preparation of the first calibration standard of phenol for Run 1 consisted in
the dilution of 0.0307 g of phenol in H2O, resulting in a the total volume of 9.7 mL. In
Run 2, the amount of phenol employed was 0.0306 g. The rest of the standards used
for calibration were prepared according to the procedure described in Table A.1. The
resultant calibration curves are shown in Figure A.3.
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Figure A.3: Calibration curves of phenol according to the GCMS method described in Table 4.1.
A.4 Cyclopentanone calibration
The initial volume of cyclopentanone selected for the preparation of the first
calibration standard was 5 µL diluted in H2O, giving a the total volume of 10 mL. The
remaining standards were prepared using the dilutions described in Table A.1. The
procedure was conducted twice and the obtained calibration curves are plotted in Figure
A.4.
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Figure A.4: Calibration curves of cyclopentanone according to the GCMS method described in Table 4.1.
A.5 Cyclohexanone calibration
The preparation of the first standard consisted of the addition of 10 µL into H2O,
giving a total volume of 10 mL. For the preparation of more diluted standards, the method
shown in Table A.1 was followed. Calibration curves are shown in Figure A.5
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Figure A.5: Calibration curves of cyclohexanone according to the GCMS method described in Table 4.1.
A.6 Cycloheptanone calibration
10 µL of cycloheptanone was diluted in H2O giving a total volume of 9.7 mL.
Successive dilutions were prepared according to Table A.1. Calibration curves are
illustrated in Figure A.6.
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(a) Calibration of cycloheptanone. Run 1.
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Figure A.6: Calibration curves of cycloheptanone according to the GCMS method described in Table 4.1.
A.7 Cyclooctanone calibration
The initial standard for run 1 in cyclooctanone calibration was prepared using
0.0202 g of cyclooctanone dissolved in a total volume of 9.7 mL using H2O as solvent.
For the second run, the amount of cyclooctanone utilised was 0.0197 g. Dilutions of these
initial standards were prepared according to Table A.1 and resultant calibration curves are
plotted in Figure A.7.
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Figure A.7: Calibration curves of cyclooctanone according to the GCMS method described in Table 4.1.
A.8 Acetic acid calibration
Acetic acid initial standard was prepared by diluting 0.2 mL of acetic acid in H2O.
The total volume was 9.7 mL. This standard was successively diluted according to Table
A.1. Calibration curves are shown in Figure A.8.
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Figure A.8: Calibration curves of acetic acid according to the GCMS method described in Table 4.1.
A.9 Calibration summary
The average calculated using the two calibration curves for each product was
employed for product quantification. A summary of the calibration curves and their errors
determined by Equation G.1 is presented in Table A.2.
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Table A.2: Summary of calibration products according to the GCMS method described in Table 4.1.
Product Calibration curve* Error [%]
2-Octanone y = 1.7550·105·x 7.11
Heptanal y = 1.9669·105·x 9.76
Phenol y = 6.9140·105·x 0.18
Cyclopentanone y = 1.2959·105·x 3.77
Cyclohexanone y = 1.4780·105·x 0.64
Cycloheptanone y = 9.1513·105·x 6.50
Cyclooctanone y = 1.1528·106·x 1.31
Acetic acid y = 1.3564·105·x 8.01
*Where y is the area of the target product [a.u.] and x the concentration [mmol/L].
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B Calibration of products according to GCMS method
described in Table 5.1
The calibration standards were prepared based on the successive dilutions of an
initial standard as in Appendix A. Samples were prepared for injection by the addition
of 1 µL of internal standard (IS, 4-methyl-2-pentanol) to 1.5 mL of calibration standard.
The peak area of the target compound divided by the peak area of the IS was plotted
against the concentration.
The chemicals used for the preparation of the calibration standards were the same
as the reagents employed in Appendix A. In addition to these, butanal (≥ 99 %, VWR),
2-butanone (99 %, Alfa Aesar) and pentanal (97 %, Sigma Aldrich) were also calibrated.
Each target compound was calibrated twice and the results are termed as Run 1 and Run
2.
B.1 2-Butanone calibration
10 µL of 2-butanone was diluted in H2O giving a total volume of 20 mL. Table B.1
shows the preparation method for more diluted patterns. Calibration curves are shown in
Figure B.1.
Table B.1: Dilutions employed for the preparation of calibration standards of 2-octanone according to the
GCMS method presented in Table 5.1.
Standard Volume standard 1 [mL] Total volume [mL]
2 2 5
3 1 20
4 1 10
5 1 5
6 1.5 5
Standard Volume standard 2 [mL] Total volume [mL]
7 1 5
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(a) Calibration of 2-butanone. Run 1.
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(b) Calibration of 2-butanone. Run 2.
Figure B.1: Calibration curves of 2-butanone according to the GCMS method described in Table 5.1.
B.2 2-Octanone calibration
The initial standard was prepared by the addition of 20 µL of 2-octanone in a
volumetric flask of 20 mL, using H2O as solvent. The preparation of the other calibration
standards was conducted according to Table B.1. Calibration curves are presented in
Figure B.2.
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(a) Calibration of 2-octanone. Run 1.
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Figure B.2: Calibration curves of 2-octanone according to the GCMS method described in Table 5.1.
B.3 Butanal calibration
10 µL of butanal were dissolved in H2O in a volumetric flask of 20 mL. Successive
dilutions are depicted in Table B.2 and the resultant calibration curves are plotted in
Figure B.3.
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Table B.2: Dilutions employed for the preparation of calibration standards of heptanal according to the
GCMS method presented in Table 5.1.
Standard Volume standard 1 [mL] Total volume [mL]
2 2 5
3 1 20
4 1 10
5 1 5
6 1.5 5
Standard Volume standard 2 [mL] Total volume [mL]
7 1 10
8 0.5 10
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(a) Calibration of butanal. Run 1.
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Figure B.3: Calibration curves of butanal according to the GCMS method described in Table 5.1.
B.4 Pentanal calibration
Pentanal calibration standards were prepared following the same procedure as in
the preparation of butanal calibration standards (Table B.2), starting with the dilution of
10 µL of pentanal in a volumetric flask of 20 mL using H2O as the solvent. Calibration
curves are shown in Figure B.4.
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(a) Calibration of pentanal. Run 1.
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Figure B.4: Calibration curves of pentanal according to the GCMS method described in Table 5.1.
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B.5 Heptanal calibration
The initial calibration of heptanal consisted of 10 µL of heptanal diluted in H2O,
giving a total volume of 20 mL. Further dilutions were prepared as specified in Table B.2
and the obtained calibration curves are illustrated in B.5.
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Figure B.5: Calibration curves of heptanal according to the GCMS method described in Table 5.1.
B.6 Cyclopentanone calibration
10 µl of cyclopentanone was diluted in H2O in a volumetric flask of 20 mL. The
details of the calibration standards of lower concentration are described in Table B.1 and
the resultant calibration curves are shown in Figure B.6.
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(b) Calibration of cyclopentanone. Run 2.
Figure B.6: Calibration curves of cyclopentanone according to the GCMS method described in Table 5.1.
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B.7 Cyclohexanone calibration
The preparation of the first standard consisted in dissolving 10 µL of cyclohexanone
in H2O. The total volume was 10 mL. For the preparation of more diluted standards the
method shown in Table B.3 was employed. Calibration curves are shown in Figure B.7.
Table B.3: Dilutions employed for the preparation of calibration standards of cyclohexanone according to
the GCMS method presented in Table 5.1.
Standard Volume standard 1 [mL] Total volume [mL]
2 1 5
3 1 10
4 1 20
5 1.5 10
Standard Volume standard 4 [mL] Total volume [mL]
6 1 10
7 1 5
◆
◆◆◆◆ ◆
0 2 4 6 8 10
0
0.40
0.80
1.20
1.60
2.00
Concentration [mmol/L]
A
re
a
cy
cl
oh
ex
an
on
e/Are
a
IS
y = 0.1702 · x
R2 = 0.9994
(a) Calibration of cyclohexanone. Run 1.
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Figure B.7: Calibration curves of cyclohexanone according to the GCMS method described in Table 5.1.
B.8 Cycloheptanone calibration
As in previous cases, the first calibration standard was prepared by the addition
of 20 µL of cycloheptanone to a volumetric flask of 20 mL using H2O as solvent. Table
B.4 shows the characteristics of the diluted standards and Figure B.9 shows the obtained
calibration curves.
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Table B.4: Dilutions employed for the preparation of calibration standards of cycloheptanone according
to the GCMS method presented in Table 5.1.
Standard Volume standard 1 [mL] Total volume [mL]
2 1 5
3 1 10
4 1 20
Standard Volume standard 4 [mL] Total volume [mL]
5 1 10
6 1 5
7 0.5 10
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(a) Calibration of cycloheptanone. Run 1.
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(b) Calibration of cycloheptanone. Run 2.
Figure B.8: Calibration curves of cycloheptanone according to the GCMS method described in Table 5.1.
B.9 Cyclooctanone calibration
20 mL of an initial standard was prepared by adding 0.0231 g of cyclooctanone for
Run 1 and 0.0257 g for Run 2. Water was selected as the solvent These standards were
diluted following the procedure detailed in Table B.1 and the obtained calibration curves
are plotted in Figure B.9.
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Figure B.9: Calibration curves of cyclooctanone according to the GCMS method described in Table 5.1.
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B.10 Calibration summary
Table B.5 presents a summary for the products calibrated according to the GCMS
method described in Table 5.1. The error, calculated by Equation G.1, is also reported.
Table B.5: Summary of calibration products according to the GCMS method described in Table 5.1.
Product Calibration curve* Error [%]
2-Butanone y = 0.0814·x 5.41
2-Octanone y = 0.2000·x 6.73
Butanal y = 0.1064·x 4.18
Pentanal y = 0.1167·x 2.23
Heptanal y = 0.1291·x 0.70
Cyclopentanone y = 0.1427·x 0.84
Cyclohexanone y = 0.1716·x 0.79
Cycloheptanone y = 0.2381·x 0.57
Cyclooctanone y = 0.2089·x 8.59
*Where y is the area of the target product divided by the area of the IS and x the concentration
[mmol/L].
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C Calibration of products according to GCMS method
described in Table 5.2
Methanol (≥ 99.8 %, Sigma Aldrich), ethanol (≥ 99.8 %, Fisher Scientific) and
acetone (technical grade, Fisher Scientific) were calibrated using the GCMS method
described in Table 5.2. The calibration procedure was conducted twice for each target
compound. The results of each repetition are termed as Run 1 and Run 2. The standards
were analysed by the GCMS method described in Table 5.2. Prior to GCMS analysis,
sample prepartion consisted in the addition of 1 µL of IS (4-methyl-2-pentanol) to 1.5 mL
of calibration standard.
C.1 Methanol calibration
The initial methanol standard consisted of the dilution of 30 µL of methanol in a
total volume of 20 mL. H2O was the solvent employed. Successive dilutions are shown
in Table C.1. Calibration curves are plotted in Figure C.1.
Table C.1: Dilutions employed for the preparation of calibration standards of methanol according to the
GCMS method present in Table 5.2.
Standard Volume standard 1 [mL] Total volume [mL]
2 2 5
3 1 5
4 1 10
5 1 20
6 1.5 5
Standard Volume standard 4 [mL] Total volume [mL]
7 1 10
8 1 5
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Figure C.1: Calibration curves of methanol according to the GCMS method described in Table 5.2.
C.2 Ethanol calibration
Table C.2 shows the method employed for the preparation of ethanol calibration
standards, including the preparation of the first standard by the dilution of 10 µL of
ethanol in H2O giving a total volume of 20 mL. Water was also the solvent used for
the succesive dilutions and the resultant calibration curves are shown in Figure C.2.
Table C.2: Dilutions employed for the preparation of calibration standards of ethanol.
Standard Volume ethanol [µL] Total volume [mL]
1 10 20
Standard Volume standard 1 [mL] Total volume [mL]
2 2 5
3 1 20
4 1 10
5 1 5
6 1.5 5
Standard Volume standard 2 [mL] Total volume [mL]
7 1 5
8 1 10
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Figure C.2: Calibration curves of ethanol according to the GCMS method described in Table 5.2.
C.3 Acetone calibration
The standards for acetone calibration were prepared according to Table C.3. The
initial dilution was 10 µL of acetone in a total volume of 20 mL. H2O was used as solvent.
Calibration curves are shown in Figure C.3.
Table C.3: Dilutions employed for the preparation of calibration standards of acetone according to the
GCMS method presented in Table 5.2.
Standard Volume standard 1 [mL] Total volume [mL]
2 2 5
3 1 20
4 1 10
5 1 5
6 1.5 5
Standard Volume standard 2 [mL] Total volume [mL]
7 1 5
8 1 10
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(a) Calibration of acetone. Run 1.
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Figure C.3: Calibration curves of acetone according to the GCMS method described in Table 5.2.
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C.4 Calibration summary
Table C.4 shows the equations used for methanol, ethanol and acetone calibration.
Table C.4: Summary of calibration products according to Table 5.2.
Product Calibration curve* Error [%]
Methanol y = 0.1317·x 3.57
Ethanol y = 0.1079·x 6.91
Acetone y = 0.1933·x 3.31
*Where y is the area of the target product divided by the area of the IS, and x is the
concentration [mmol/L].
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D Ethanol calibration according to GCMS method
described in Table 6.1
Ethanol (≥ 99.8 %), purchased from Fisher Scientific, was employed for the
preparation of calibration standards following the conditions described in Table C.2.
These standards were analysed using the GCMS method described in Table 6.1. It is
worthy mentioning that prior to the GCMS analysis, 1 µL of IS (4-methyl-2-pentanol)
was added to 1.5 mL of calibration standard. The procedure was repeated twice and the
resulted calibration curves are termed as Run 1 and Run2 and are plotted in Figure D.1a
and Figure D.1b respectively.
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Figure D.1: Calibration curves of ethanol according to the GCMS method described in Table 6.1.
D.1 Calibration summary
The average calculated using the two calibration curves of ethanol (Run 1 and
Run 2) was employed for product quantification. The value of the average and the error
calculated according to Equation G.1 is presented in Table D.1.
Table D.1: Ethanol calibration curve according to GCMS described in Table 6.1.
Product Calibration curve* Error [%]
Ethanol y = 0.1322·x 12.87
*Where y is the area of the target product divided by the area of the IS, and x is the
concentration [mmol/L].
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E Analysis of the gas phase: example of a case study
The analysis of the resultant gas phase present in the reactions investigated had two
main objectives: (i) to calculate the conversion of CO2; and (ii) to identify the products
present in the gas phase at the end of the reaction. The mass spectrometer (MS) was
operated in Multiple Ion Detection (MID) mode. The ions selected for analysis are
specified in the Materials and Methods sections in each chapter. In this appendix, the
calculations conducted and assumptions made in the analysis of the gas products are
explained with the aid of a case study. The stages of this process are summarised in
Figure E.1.
Stage 1
Identification of the ions
present in the gas phase
Stage 2
Calculation of the average
of the partial pressure
of each ion (Pm/z)
Stage 3 Deconvolution procedure
Stage 4 Calculation of the
conversion of CO2
Figure E.1: Stages of the protocol used for the analysis of the gas phase.
E.1 Stage 1: identification of the ions present in the gas phase
Prior to feeding the gas phase into the mass spectrometer (MS), data were collected
to obtain the baseline intensities of the m/z values investigated in the absence of a flow
from the reactor. These intensities were measured in terms of partial pressures (Pm/z).
Once the gas passed through the MS, the value of the partial pressure changed. It was
considered that an ion was present in the gas phase if the partial pressure of that ion
increased with respect to the initial partial pressure. For the ion with a m/z ratio of 18,
which was the ion used for the identification of H2O, the change in the partial pressure
was difficult to detect due to the presence of H2O in the atmosphere, and hence high m/z
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= 18 partial pressure in the background analysis. The presence of H2O was, therefore,
confirmed by the analysis of the gas phase by gas chromatography-mass spectrometry
(GCMS). In most of the gas phase analyses, the partial pressure of the ion with m/z
of 2, which was H2, increased immediately after opening the valve to feed gas into
the MS and then decreased. This is due to H2 having a greater mobility than the
other gases investigated. The presence of H2 in the gas phase was confirmed by gas
chromatography-thermal conductivity detector (GC-TCD) analysis.
E.2 Stage 2: calculation of the average of Pm/z
After the ions present in the gas phase were identified, the average of the partial
pressure was calculated using the values collected during 30 min of analysis. Table E.1
presents the values of the partial pressures used for the calculation of the average in a
typical reaction carried out at 300 ◦C for 4 h, using 0.56 g of Fe powder as catalyst and
a CO2:H2O mole ratio of 0.26. This is used as an example to illustrate the approach
taken for the analysis of the gas phase. It is worth noting that the first 10 min after the
gas started to flow was considered the stabilisation time, hence it was not used for the
calculation of the average (values in violet in Table E.1). The ions identified and their
average partial pressure (Pm/z) are included in Table E.2.
Every ion was measured with an specific relative sensitivity. These values were
automatically applied to each ion in MID mode, considering that each ion was a particular
single compound, i.e. m/z = 28 was carbon monoxide. To deconvolve the data and
allocate each ion to a potential product, the partial pressure was corrected by multiplying
the pressure by the relative sensitivity as not each ion corresponded to a single compound,
e.g. m/z = 28 could be CO and also a fragment of CO2. For m/z = 2 and m/z = 18, the
relative sensitivity factor was not applied, because these ions were already measured as
H2 and H2O respectively. Table E.2 also shows the sensitivity factor employed in each
case and the value of the corrected partial pressure.
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Table E.1: Pm/z of the ions identified in a typical resultant gas phase. In violet, Pm/z during the stabilisation time. In black, Pm/z used for the calculation of the average.
Time [min] 22 12 15 25 30 27 45 17 18 43 46 29 2 16 28 44
00:53:14 1.08·10-9 6.94·10-9 8.77·10-10 3.96·10-10 2.26·10-9 4.28·10-9 3.68·10-10 3.53·10-7 1.76·10-6 9.91·10-10 1.07·10-10 6.76·10-10 6.32·10-8 1.04·10-8 9.36·10-9 1.86·10-8
00:55:25 1.13·10-8 1.13·10-8 1.08·10-9 7.78·10-10 3.08·10-9 5.78·10-9 2.33·10-10 2.77·10-7 1.11·10-6 1.10·10-9 1.31·10-10 5.60·10-10 6.07·10-8 1.95·10-8 1.91·10-8 1.13·10-8
00:57:36 6.46·10-8 1.41·10-7 3.81·10-10 1.15·10-10 1.42·10-9 2.31·10-9 8.71·10-10 2.70·10-8 1.42·10-7 7.18·10-9 1.75·10-8 1.94·10-9 7.05·10-8 1.20·10-7 1.56·10-7 7.64·10-7
00:59:46 6.51·10-8 1.42·10-7 3.55·10-10 1.02·10-10 1.36·10-9 2.19·10-9 9.11·10-9 2.51·10-8 1.32·10-7 7.03·10-9 1.77·10-8 1.90·10-9 6.62·10-8 1.22·10-7 1.57·10-7 7.64·10-7
01:01:30 6.58·10-8 1.43·10-7 3.44·10-10 9.51·10-11 1.33·10-9 2.15·10-9 3.35·10-8 2.48·10-8 1.31·10-7 6.88·10-9 1.77·10-8 1.80·10-9 6.47·10-8 1.21·10-7 1.56·10-7 1.78·10-6
01:03:15 6.60·10-8 1.43·10-7 3.37·10-10 9.43·10-11 1.34·10-9 2.13·10-9 3.37·10-8 2.44·10-8 1.28·10-7 6.93·10-9 1.79·10-8 1.81·10-9 6.43·10-8 1.22·10-7 1.57·10-7 1.79·10-6
01:05:00 6.64·10-8 1.44·10-7 3.36·10-10 8.94·10-11 1.23·10-9 2.04·10-9 3.41·10-8 2.41·10-8 1.27·10-7 6.88·10-9 1.80·10-8 1.80·10-9 6.37·10-8 1.23·10-7 1.57·10-7 1.81·10-6
01:06:46 6.65·10-8 1.45·10-7 3.29·10-10 9.14·10-11 1.28·10-9 2.12·10-9 3.41·10-8 2.44·10-8 1.28·10-7 6.96·10-9 1.81·10-8 1.81·10-9 6.24·10-8 1.24·10-7 1.58·10-7 1.81·10-6
01:08:32 6.68·10-8 1.45·10-7 3.31·10-10 8.83·10-11 1.26·10-9 2.08·10-9 3.44·10-8 2.39·10-8 1.26·10-7 6.96·10-9 1.82·10-8 1.83·10-9 6.10·10-8 1.24·10-7 1.58·10-7 1.82·10-6
01:10:18 6.67·10-8 1.46·10-7 3.28·10-10 8.50·10-11 1.27·10-9 2.10·10-9 3.44·10-8 2.40·10-8 1.27·10-7 6.96·10-9 1.83·10-8 1.84·10-9 5.98·10-8 1.25·10-7 1.59·10-7 1.83·10-6
01:12:04 6.75·10-8 1.46·10-7 3.24·10-10 8.49·10-11 1.26·10-9 2.10·10-9 3.45·10-8 2.41·10-8 1.27·10-7 6.98·10-9 1.83·10-8 1.83·10-9 5.88·10-8 1.25·10-7 1.59·10-7 1.83·10-6
01:13:51 6.76·10-8 1.46·10-7 3.20·10-10 8.77·10-11 1.26·10-9 2.03·10-9 3.44·10-8 2.36·10-8 1.25·10-7 7.01·10-9 1.84·10-8 1.84·10-9 5.79·10-8 1.26·10-7 1.60·10-7 1.84·10-6
01:15:37 6.74·10-8 1.46·10-7 3.20·10-10 8.54·10-11 1.26·10-9 2.02·10-9 3.44·10-8 2.36·10-8 1.25·10-7 7.01·10-9 1.83·10-8 1.83·10-9 5.69·10-8 1.26·10-7 1.60·10-7 1.84·10-6
01:17:23 6.74·10-8 1.47·10-7 3.27·10-10 8.43·10-11 1.22·10-9 2.06·10-9 3.45·10-8 2.39·10-8 1.26·10-7 7.01·10-9 1.85·10-8 1.84·10-9 5.61·10-8 1.26·10-7 1.60·10-7 1.85·10-6
01:19:09 6.76·10-8 1.46·10-7 3.25·10-10 7.90·10-11 1.24·10-9 2.00·10-9 3.45·10-8 2.32·10-8 1.23·10-7 7.01·10-9 1.85·10-8 1.82·10-9 5.54·10-8 1.27·10-7 1.60·10-7 1.85·10-6
01:20:55 6.74·10-8 1.47·10-7 3.22·10-10 8.01·10-11 1.23·10-9 2.07·10-9 3.48·10-8 2.35·10-8 1.24·10-7 7.04·10-9 1.85·10-8 1.84·10-9 5.47·10-8 1.27·10-7 1.60·10-7 1.85·10-6
01:22:42 6.79·10-8 1.46·10-7 3.24·10-10 8.12·10-11 1.22·10-9 2.02·10-9 3.46·10-8 2.37·10-8 1.25·10-7 6.92·10-9 1.85·10-8 1.83·10-9 5.40·10-8 1.27·10-7 1.61·10-7 1.86·10-6
01:24:28 6.77·10-8 1.47·10-7 3.15·10-10 8.23·10-11 1.22·10-9 2.03·10-9 3.46·10-8 2.35·10-8 1.23·10-7 7.00·10-9 1.86·10-8 1.84·10-9 5.31·10-8 1.27·10-7 1.61·10-7 1.86·10-6
01:26:14 6.78·10-8 1.47·10-7 3.22·10-10 7.76·10-11 1.24·10-9 2.06·10-9 3.45·10-8 2.31·10-8 1.22·10-7 6.98·10-9 1.85·10-8 1.83·10-9 5.25·10-8 1.27·10-7 1.61·10-7 1.86·10-6
01:28:00 6.76·10-8 1.47·10-7 3.18·10-10 7.94·10-11 1.21·10-9 1.99·10-9 3.45·10-8 2.35·10-8 1.24·10-7 7.00·10-9 1.86·10-8 1.85·10-9 5.20·10-8 1.27·10-7 1.61·10-7 1.87·10-6
01:29:46 6.76·10-8 1.47·10-7 3.19·10-10 7.97·10-11 1.21·10-9 2.02·10-9 3.47·10-8 2.35·10-8 1.24·10-7 7.00·10-9 1.86·10-8 1.84·10-9 5.13·10-8 1.27·10-7 1.61·10-7 1.86·10-6
01:31:33 6.77·10-8 1.47·10-7 3.17·10-10 7.70·10-11 1.23·10-9 2.02·10-9 3.47·10-8 2.32·10-8 1.23·10-7 7.06·10-9 1.86·10-8 1.83·10-9 5.09·10-8 1.28·10-7 1.61·10-7 1.87·10-6
01:33:19 6.80·10-8 1.47·10-7 3.14·10-10 7.69·10-11 1.21·10-9 2.02·10-9 3.48·10-8 2.33·10-8 1.23·10-7 7.06·10-9 1.87·10-8 1.85·10-9 5.05·10-8 1.28·10-7 1.61·10-7 1.87·10-6
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Table E.2: Partial pressures of ions identified in the gas phase for a standard reaction. Reaction
conditions: T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time = 4 h and 0.56 g of Fe powder.
Ion [m/z] Pm/z [torr] Relative sensitivity Corrected Pm/z [torr]
1 1.16·10-7 1.000 1.16·10-7
2 5.64·10-8 0.440 5.64·10-8
12 1.46·10-7 1.000 1.46·10-7
15 3.24·10-10 1.000 3.24·10-10
16 1.26·10-7 1.600 2.01·10-7
17 2.37·10-8 1.000 2.37·10-8
18 1.25·10-7 0.900 1.25·10-7
22 6.73·10-8 1.000 6.73·10-8
25 8.36·10-11 0.117 9.78·10-12
27 2.05·10-9 0.157 3.22·10-10
28 1.60·10-7 1.050 1.68·10-7
29 1.83·10-9 1.000 1.83·10-9
30 1.24·10-9 0.681 8.47·10-10
43 6.99·10-9 0.267 1.87·10-9
44 1.84·10-6 1.400 2.58·10-6
45 3.44·10-8 1.238 4.26·10-8
46 1.84·10-8 0.609 1.12·10-8
E.3 Stage 3: deconvolution procedure
Once the corrected partial pressure of each ion was calculated, the deconvolution
method was applied. The aim of this process was to identify the products present in the
gas phase, taking into account that a product was fragmented into more than a single
ion in the MS. In Appendix H, the fragmentation patterns of CO2 and the potential
products are presented. The fragmentation patterns of CO2, CO and air were obtained
experimentally. Depending on the ions and detector employed for the analysis, these
patterns varied slightly; thus, in Appendix H different patterns are presented for the same
compound, specifying the conditions used to calculate each fragmentation pattern. The
fragmentation patterns of the rest of the compounds were obtained from the MS library.
In this particular example, Table H.3, Table H.14, Table H.15, Table H.19, Table H.17,
Table H.18, Table H.27 and Table H.22 were used in the deconvolution procedure. A
scheme of the steps of the deconvolution procedure is presented in Figure E.2.
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1
Determine Pm/z associated
with CO2 and subtract
it from mass spectrum
2
Determine Pm/z associated
with H2O and subtract
it from mass spectrum
3
Determine Pm/z associated
with H2 and subtract
it from mass spectrum
4
Determine Pm/z associated
with CH4 and subtract
it from mass spectrum
5
Determine Pm/z associated
with C2H4O and subtract
it from mass spectrum
6
Determine Pm/z associated
with CH2O2 and subtract
it from mass spectrum
7
Determine Pm/z associated
with CH2O and subtract
it from mass spectrum
8
Determine Pm/z associated
with C2H4 and subtract
it from mass spectrum
Figure E.2: Steps of the deconvolution procedure.
To start the deconvolution process, the ion with a m/z = 44 was selected and
assigned to CO2 (Table H.3). Although m/z = 44 was also present in acetaldehyde
(Table H.17) the error in this assumption is low due to the difference in the order of
magnitude in the concentration of the two compounds. Table E.3 shows the values of the
partial pressure of the ions detected after the subtraction of the pressures of CO2 mass
fragments. These pressures were calculated using the relative abundances presented in
Table H.3, using the partial pressure of m/z = 44 as the reference value. These data are
also depicted in Table E.3 along with the error calculated according to Equation E.1
E [%] =
|Pm/z after deconvolution| [torr]
Pm/z initial [torr]
× 100 (E.1)
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where E is the error, Pm/z after deconvolution is the pressure resulting from the
subtraction of the pressure of the target compound corresponding to the m/z ion and
Pm/z initial the value of the pressure of the ion obtained from the gas analysis
measurements.
Table E.3: Deconvolution step 1: Pm/z of ions present in the gas mixture after CO2 subtraction.
Ion [m/z] Pm/z CO2 [torr] Pm/z after CO2 deconvolution [torr] Error [%]
1 - 1.16·10-7 -
2 - 5.64·10-8 -
12 1.49·10-7 -2.57·10-9 1.76
15 - 3.24·10-10 -
16 2.04·10-7 -2.52·10-9 1.25
17 - 2.37·10-8 -
18 - 1.25·10-7 -
22 6.24·10-8 4.91·10-9 -
25 - 9.78·10-12 -
27 - 3.22·10-10 -
28 1.73·10-7 -5.07·10-9 3.02
29 1.81·10-9 2.55·10-11 -
30 - 8.47·10-10 -
43 - 1.87·10-9 -
44 2.58·10-6 - -
45 4.05·10-8 2.16·10-9 -
46 1.06·10-8 6.33·10-10 -
After the subtraction of CO2, another ion was selected and assigned to a product.
Among the reactants and all the potential products present, m/z = 18 could only be
H2O. The relative abundances for H2O deconvolution are present in Table H.15 and
the results are shown in Table E.4. The procedure followed was the same as used for CO2
deconvolution.
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Table E.4: Deconvolution step 2: Pm/z of ions present in the gas mixture after H2O subtraction.
Ion [m/z] Pm/z H2O [torr] Pm/z after H2O deconvolution [torr] Error [%]
1 - 1.16·10-7 -
2 - 5.64·10-8 -
12 - -2.57·10-9 1.76
15 - 3.24·10-10 -
16 - 2.52·10-9 1.25
17 2.87·10-8 -5.24·10-9 22.1
18 1.25·10-7 - -
22 - 4.91·10-9 -
25 - 9.78·10-12 -
27 - 3.22·10-10 -
28 - -5.07·10-9 3.02
29 - 2.55·10-11 -
30 - 8.47·10-10 -
43 - 1.87·10-9 -
44 - - -
45 - 2.16·10-9 -
46 - 6.33·10-10 -
The ion with m/z = 2 was selected for H2 identification (Table H.14).
Deconvolution results are presented in Table E.5.
Table E.5: Deconvolution step 3: Pm/z of ions present in the gas mixture after H2 subtraction.
Ion [m/z] Pm/z H2 [torr] Pm/z after H2 deconvolution [torr] Error [%]
1 5.64 ·10-9 1.10·10-7 -
2 5.64·10-8 - -
12 - -2.57·10-9 1.76
15 - 3.24·10-10 -
16 - 2.52·10-9 1.25
17 - -2.18·10-9 9.22
18 - - -
22 - 4.91·10-9 -
25 - 9.78·10-12 -
27 - 3.22·10-10 -
28 - -5.07·10-9 3.02
29 - 2.55·10-11 -
30 - 8.47·10-10 -
43 - 1.87·10-9 -
44 - - -
45 - 2.16·10-9 -
46 - 6.33·10-10 -
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An ion with m/z = 15 could be assigned to methane (Table H.19) or to dimethyl
ether (Table H.24). As dimethyl ether has a more complex chemical structure, the ion
with m/z = 15 was allocated to methane. Details of deconvolution are shown in Table
E.6.
Table E.6: Deconvolution step 4: Pm/z of ions present in the gas mixture after methane subtraction.
Ion [m/z] Pm/z CH4 [torr] Pm/z after CH4 deconvolution [torr] Error [%]
1 - 1.10·10-7 -
2 - - -
12 - -2.57·10-9 1.76
15 3.24·10-10 - -
16 3.77·10-10 -2.90·10-9 1.44
17 - -2.18·10-9 9.22
18 - - -
22 - 4.91·10-9 -
25 - 9.78·10-12 -
27 - 3.22·10-10 -
28 - -5.07·10-9 3.02
29 - 2.55·10-11 -
30 - 8.47·10-10 -
43 - 1.87·10-9 -
44 - - -
45 - 2.16·10-9 -
46 - 6.33·10-10 -
The attribution of the ion with m/z = 43 followed a similar argument to that of
m/z = 15. m/z = 43 ion is present in the fragmentation patterns of acetone (Table H.16),
acetaldehyde (Table H.17), isopropanol (Table H.23) and acetic acid (Table H.25). Ions
with m/z = 58 and m/z = 60 characteristic of acetone and acetic acid respectively were
not detected in the gas mixture. Moreover, the boiling points of acetone, isopropanol
and acetic acid at atmospheric pressure are 56.05 ◦C, 82.4 ◦C and 118 ◦C respectively
(American Chemical Society (ACS), 2016) while acetaldehyde has a boiling point
temperature of 20.8 ◦C at atmospheric pressure (PubChem Open Chemistry Data Base,
2016). Hence, m/z = 43 was assigned to acetaldehyde (C2H4O). It is, however, worth
noting that acetone was detected in the liquid phase, thus trace amounts of acetone could
be present in the gas mixture. Deconvolution of acetaldehyde is detailed in Table E.7.
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Table E.7: Deconvolution step 5: Pm/z of ions present in the gas mixture after acetaldehdye subtraction.
Ion [m/z] Pm/z C2H4O [torr] Pm/z after C2H4O deconvolution [torr] Error [%]
1 - 1.10·10-7 -
2 - - -
12 - -2.57·10-9 1.76
15 - - -
16 - -2.90·10-9 1.44
17 - -2.18·10-9 9.22
18 - - -
22 - 4.91·10-9 -
25 - 9.78·10-12 -
27 - 3.22·10-10 -
28 - -5.07·10-9 3.02
29 6.99·10-9 -6.96·10-9 380.4
30 - 8.47·10-10 -
43 1.87·10-9 - -
44 3.19·10-9 -3.19·10-9 0.12
45 - 2.16·10-9 -
46 - 6.33·10-10 -
The calculated error in the partial pressure of ion 29 was 380 %. This error
indicates the difference between the calculated value of the partial pressure according
to the assignment of ions to specific molecules, see above, and the value of the partial
pressure determined experimentally. This high error could be due to two different causes:
(i) on one hand, the assignment of the ion 43 to acetaldehyde could be incorrect; or (ii) the
quantification of ion 29 could be affected by the suppressing effect explained in Section
3.4.1.1.
The ion with m/z = 46 was assigned to formic acid (CH2O2) (Table H.27), although
this ion is also present in the fragmentation pattern of ethanol (Table H.26). Gibbs
free energies of both compounds were calculated with HSC software version 5.1, being
∆Gformic acid = 536 kJ and ∆Gethanol = 1280 kJ. Hence, it is more likely that the formation
of formic acid is preferred to the production of ethanol. Table E.8 shows the partial
pressures of the ions after the subtraction of formic acid.
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Table E.8: Deconvolution step 6: Pm/z of ions present in the gas mixture after formic acid subtraction.
Ion [m/z] Pm/z CH2O2 [torr] Pm/z after CH2O2 deconvolution [torr] Error [%]
1 - 1.10·10-7 -
2 - - -
12 - -2.57·10-9 1.76
15 - - -
16 - -2.90·10-9 1.44
17 1.77·10-10 -2.36·10-9 9.97
18 - - -
22 - 4.91·10-9 -
25 - 9.78·10-12 -
27 - 3.22·10-10 -
28 1.79·10-10 -5.25·10-9 3.13
29 1.04·10-9 -8.00·10-9 437.22
30 - 8.47·10-10 -
43 - - -
44 1.04·10-10 -3.30·10-9 0.13
45 4.95·10-10 1.67·10-9 -
46 6.33·10-10 - -
Formaldehyde (CH2O) was identified by the ion with m/z = 30 (Table H.18). This
ion is also present in the fragmentation of ethane (Table H.21) with a lower relative
abundance. Partial pressures after subtraction of formaldehyde are shown in Table E.9.
Table E.9: Deconvolution step 7: Pm/z of ions present in the gas mixture after formaldehyde subtraction.
Ion [m/z] Pm/z CH2O [torr] Pm/z after CH2O deconvolution [torr] Error [%]
1 - 1.10·10-7 -
2 - - -
12 - -2.57·10-9 1.76
15 - - -
16 - -2.90·10-9 1.44
17 - -2.36·10-9 9.97
18 - - -
22 - 4.91·10-9 -
25 - 9.78·10-12 -
27 - 3.22·10-10 -
28 3.50·10-10 -5.60·10-9 3.34
29 1.46·10-9 -9.46·10-9 516.96
30 8.47·10-9 - -
43 - - -
44 - -3.30·10-9 0.13
45 - 1.67·10-9 -
46 - - -
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Ion 27 was assigned to ethylene (C2H4) (Table H.22), although this ion is also
present in ethane (Table H.21) because the presence of ethylene in the gas phase was
confirmed in some samples by GC-TCD analysis of the gas phase. Moreover, The
deconvolution of ethylene is detailed in Table E.10.
Table E.10: Deconvolution step 8: Pm/z of ions present in the gas mixture after ethylene subtraction.
Ion [m/z] Pm/z C2H4 [torr] Pm/z after C2H4 deconvolution [torr] Error [%]
1 - 1.10·10-7 -
2 - - -
12 - -2.57·10-9 1.76
15 - - -
16 - -2.90·10-9 1.44
17 - -2.36·10-9 9.97
18 - - -
22 - 4.91·10-9 -
25 5.81·10-11 -4.84·10-11 494.70
27 3.22·10-10 - -
28 4.96·10-10 -6.09·10-9 3.63
29 - -9.46·10-9 516.96
30 - - -
43 - - -
44 - -3.30·10-9 0.13
45 - 1.67·10-9 -
46 - - -
E.4 Stage 4: calculation of the conversion of CO2
The partial pressure of each compound identified was given by the partial pressure
of the ion with relative abundance of 100 in its fragmentation pattern and it is included
in Table E.11. The measurement error was only calculated in those cases where the
value measured was lower than the value expected based on the products selected for
deconvolution. The errors were lower than 10 % except in the case of ion 29, which
could be affected by suppressing effects, and ion 25. In this case, the error was magnified
owing to the low value of the partial pressure. After the deconvolution process, there were
ions remaining with a positive value of partial pressure. These ions were not assigned to
other products due to the low value of the pressure (≤ 5·10-9 torr).
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Table E.11: Partial pressures of the compounds detected in the gas phase.
Compound Pi [torr]
Carbon dioxide 2.58·10-6
Water 1.25·10-7
Hydrogen 5.64·10-8
Methane 3.77·10-10
Acetaldehyde 6.99·10-9
Formic acid 1.04·10-9
Formaldehyde 1.46·10-9
Ethylene 4.97·10-10
CO2 conversion was calculated according to Equation E.2
XCO2 =
nCO2 initial − nCO2 final
nCO2 initial
× 100 (E.2)
where:
nCO2 initial = nCO2 initial in gas phase + nCO2 initial in liquid phase
nCO2 final = nCO2 final in gas phase + nCO2 final in liquid phase
To apply Equation E.2, it was necessary to calculate the initial and final moles of
CO2 as well as the amount of CO2 dissolved in H2O at the beginning and at the end of
the reaction.
Calculation of the initial number of moles of CO2 in the gas phase
To calculate the initial number of moles of CO2, the equation of the ideal gases
(Equation E.3) was used.
P · V = n ·R · T (E.3)
where P is the absolute pressure measured in bar; V is the volume of the gas phase,
calculated by the difference between the total volume of the reactor (100 mL) and the
volume of liquid in the reactor; n is the total number of moles, R the gas constant
(R =0.0831451 L· bar / K· mol) and T the temperature expressed in K.
In this particular example: Tinitial = 296.15 K, Pinitial = 25.89 bar, Vinitial = 0.093 L
(Vreactor = 100 mL & VH2O = 7 mL); hence nCO2 initial gas phase = 9.777·10-2 mol.
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When air was present in the reaction media, nCO2 initial was calculated by the
subtraction of the number of moles of air to the initial total number of moles of gas
in the reactor.
Calculation of the final number of moles of CO2 in the gas phase
For the calculation of the total number of moles in gas the phase at the end of the
reaction, Equation E.3 was also applied. However, it is worth noting that at the end of the
reaction, the gas phase is composed of a mixture of species; therefore, the partial pressure
(Pi) of CO2 was calculated (Equation E.4). Once Pi was known, the number of moles
ni was calculated by Equation E.5. The steps to calculate nCO2 final are summarised in
Figure E.3.
Step 1 Convert the Pi in
torr to Pi in bar
Step 2
Correlate Pi [bar] in
the MS chamber to
Pi [bar] in the reactor
Step 3
Calculate mole fraction
of each compound (xi)
according to Equation E.4
Step 4
Calculation the number of
mole of each compound (ni)
according to Equation E.5
Figure E.3: Steps to calculate the final number of moles of CO2.
xi =
Pi
PT
(E.4)
where xi and Pi are the mole fraction and the partial pressure of each compound
respectively and PT is the absolute pressure in the reactor at the end of the reaction.
ni = xi × nT (E.5)
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where ni and xi are the number of moles and the mole fraction of each compound
respectively and nT is the total number of moles in the gas phase at the end of the reaction,
calculated according to Equation E.3.
In this case: Tfinal = 295.15 K, Pfinal = 25.56 bar, Vfinal = 0.0938 L (Vreactor = 100 mL
& Vsample collected = 6.2 mL); hence nT final=9.769·10-2 mol. The calculation of ni for this
example following the steps indicated in Figure E.3 is presented in Table E.12. In the
case of CO2, nCO2 final gas phase = 9.09·10-2 mol.
Table E.12: Steps for the calculation of the number of moles of each compound present in the gas phase
according to Figure E.3.
Compound 1 Pi in MS [bar] 2 Pi in reactor [bar] 3 xi 4 ni
Carbon dioxide 3.44·10-9 23.8 9.31·10-1 9.09·10-2
Water 1.67·10-10 1.15 4.51·10-2 4.41·10-3
Hydrogen 7.52·10-11 5.20·10-1 2.04·10-2 1.99·10-3
Methane 5.03·10-13 3.48·10-3 1.36·10-4 1.33·10-5
Acetaldehyde 9.32·10-12 6.45·10-2 2.52·10-3 4.46·10-4
Formic acid 1.39·10-12 9.60·10-3 3.75·10-4 3.67·10-5
Formaldehyde 1.95·10-12 1.35·10-2 5.27·10-4 5.15·10-5
Ethylene 6.62·10-13 4.58·10-3 1.79·10-4 1.75·10-5
Calculation of the number of moles of CO2 in the liquid phase
The amount of CO2 in H2O was determined by Equation E.6. This model
was calculated based on data of the solubility of CO2 in H2O at 25 bar (Wiebe &
Gaddy, 1940). The parameters of the model were adjusted with the software Wolfram
Mathematica 10:
SCO2 in H2O = 4.63989−
10.5121
T
− 2.71126× Log10(T ) + 0.0121375× T (E.6)
where SCO2 in H2O is expressed in mmol of CO2 per g of H2O and T in ◦C. Hence, to
calculate the CO2 dissolved, it was necessary to multiply by the amount of H2O. At the
end of the reaction, it was considered that the volume of sample collected was equal to
the volume of water, since the volume of liquid compounds was negligible in comparison
to H2O volume. For simplification of the calculations, ρH2O = 1 g/mL.
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The error between the model and the experimental values obtained by Wiebe &
Gaddy (1940) was calculated with Equation E.7 and it was ≤ 1.1 %.
E [%] =
|Experimental value− Calculated value|
Experimental value
× 100 (E.7)
In this example, taking into account that Tinitial = 23 ◦C and VH2O = 7 mL and Tfinal
= 22 ◦C and Vsample collected = 6.2 mL applying Equation E.6:
CO2 in H2O before reaction = 7× 0.7701000 = 5.4·10
-3 mol
CO2 in liquid phase after reaction = 6.2× 0.7891000 = 4.89·10
-3 mol
Therefore, CO2 initial = 1.03·10-1 mol, CO2 final = 9.58·10-2 mol and XCO2 = 7.1 %.
E.5 Product yield and selectivity
In addition to the calculation of the conversion of CO2, the calculation of the
production yield (Yi) of a target product or the selectivity (Si) to a specific product also
required the calculation of the initial and the final number of moles of CO2. The yield and
the selectivity were calculated according to Equation E.8 and Equation E.9 respectively:
Yi [%] =
Actual yield
Theoretical yield
× 100 (E.8)
where Yi is the product yield, Actual yield is the number of moles of the target product
synthesised during the hydrothermal reaction of CO2 and Theoretical yield is the
potential number of moles of the target product formed if all the CO2 available would
be converted into the target species.
Si =
ni
nCO2 initial − nCO2 final
× 100 (E.9)
where Si is the selectivity a target product, ni is the number of moles of the target product
formed, nCO2 initial = nCO2 initial in gas phase + nCO2 initial in liquid phase and
nCO2 final = nCO2 final in gas phase + nCO2 final in liquid phase.
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E.6 Identification of products based on the m/z fragments
Table E.13 shows the m/z fragments used for the identification of the potential gas
products of the hydrothermal conversion of CO2. It is worth noting that formaldehyde and
acetaldehyde identification could be affected by suppressing effects due to the proximity
of ion 30 and ion 43 to the abundant ions 28 and 44 respectively.
Table E.13: Identification of gas products based on the m/z fragments.
m/z fragment Potential gas product
2 Hydrogen
14 Nitrogen
15 Methane
18 Water
27 Ethylene
28 Carbon monoxide
30 Formaldehyde
31 Methanol
32 Oxygen
43 Acetaldehyde
44 Carbon dioxide
45 Ethanol
46 Formic acid
58 Acetone
60 Acetic acid
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F Calculation of the conversion of CO2 using alcohols as
solvents
In Appendix E an example of the calculation of the conversion of CO2 using H2O
as a solvent was detailed. When alternative solvents, such as methanol, isopropanol or
their mixtures with water, were selected, the procedure for calculating CO2 conversion
was identical, except in the step for determining the number of moles of CO2 dissolved
in the solvent. Therefore, this appendix focuses on the estimation of the amount of CO2
dissolved in methanol and isopropanol.
F.1 Solubility of CO2 in methanol
The mole fraction of CO2 dissolved in methanol (xCO2) was calculated by Equation
F.1. To calculate the amount of CO2 dissolved in methanol it was necessary to calculate
the mol fraction of CO2 in the gas phase (yCO2) according to Equation F.2. The ratio
xCO2/yCO2 is equivalent to the ratio between the number of moles of CO2 in the gas phase
and the number of moles of CO2 in the liquid phase.
The model was adjusted based on the equilibrium data at 20 ◦C in the pressure
range from 7.9 bar to 37.7 bar recorded by Secuianu et al. (2009). It was assumed that
the equilibrium was reached in the system in the time elapsed between the pressurisation
of the system with CO2 and starting the heating (approximately 20 min). When methanol
was used as a solvent, the initial and final temperatures were 21 ◦C and 22 ◦C respectively.
Therefore, equilibrium data at 20 ◦C were selected to develop the model among the data
available in literature, since these data were recorded at the closest temperature to that
observed during experimentation:
xCO2 = 1.62361−
4.19857
P
− 1.39333× Log10(P ) + 0.0274251× P (F.1)
where xCO2 is the mole ratio of CO2 in methanol and P is the partial pressure of CO2 in
the gas phase expressed in bar and
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yCO2 = 1.06476−
0.318529
P
− 0.0489248× Log10(P ) + 4.6497 · 10−4 × P (F.2)
where yCO2 is the mole ratio of CO2 in methanol and P is the partial pressure of CO2 in
the gas phase expressed in bar.
In the range of pressures considered, the error between the model and the data
calculated by Secuianu et al. (2009) was determined by Equation E.7 and it was ≤ 1.5 %
for xCO2 and ≤ 0.1 % for yCO2 .
When methanol was used as solvent, PCO2 initial = Pinitial = 25.55 bar since CO2
was the only gas present in the system; and PCO2 final = 24.62 bar. Hence, xCO2 initial =
0.199, yCO2 initial = 0.995, xCO2 final = 0.190 and yCO2 final = 0.995. By applying Equation
E.3, the number of moles in the gas phase were: nCO2 initial = 9.717·10-2 mol and
nCO2 final = 9.497·10-2 mol. As aforementioned, xCO2/yCO2 is equivalent to nCO2 in the
liquid phase/nCO2 in the gas phase. Therefore, nCO2 in MeOH initial = 1.943·10-2 mol and
nCO2 in MeOH final = 1.814·10-2 mol.
Considering the solubility of CO2 in methanol, the calculated CO2 conversion was
2.5 %. If the number of moles of CO2 dissolved in methanol were considered negligible,
the conversion of CO2 would be 2.3 %; hence, the error would be ≤ 10 % according to
Equation F.3:
E [%] =
|XCO2 with CO2 dissolved−XCO2 without CO2 dissolved|
XCO2 with CO2 dissolved
× 100 (F.3)
where XCO2 withCO2 dissolved was the calculated conversion of CO2 considering the
number of moles of CO2 dissolved in the alcohol and XCO2 withoutCO2 dissolved was
the conversion of CO2 calculated based only on the number of moles of CO2 in the gas
phase at the beginning and at the end of the reaction.
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F.2 Solubility of CO2 in isopropanol
Following the argumentation used for the calculation of the number of moles of
CO2 in methanol, the number of moles of CO2 in isopropanol were calculated according
to the model described in Equation F.4 and Equation F.5 based on equilibrium data at
20 ◦C collected by Secuianu et al. (2003).
xCO2 = 1.0268−
2.42403
P
− 0.933246× Log10(P ) + 0.0228095× P (F.4)
where xCO2 is the mole ratio of CO2 in isopropanol and P is the partial pressure of CO2
in the gas phase expressed in bar and
yCO2 = 1.0273−
0.136994
P
− 0.0204826× Log10(P ) + 1.48113 · 10−4 × P (F.5)
where yCO2 is the mole ratio of CO2 in isopropanol and P is the partial pressure of CO2
in the gas phase expressed in bar.
The model is suitable from pressures of 6.8 bar to 42.1 bar and the error between
the model and the data calculated by Secuianu et al. (2003) determined by Equation E.7
was ≤ 5.5 % for xCO2 and ≤ 0.1 % for yCO2 .
When isopropanol was used as solvent, PCO2 initial = Pinitial = 25.28 bar and PCO2 final
= 24.64 bar. Hence, xCO2 initial = 0.198, yCO2 initial = 0.997, xCO2 final = 0.192 and yCO2 final =
0.997. Taking into account that nCO2 initial = 9.612·10-2 mol and nCO2 final = 9.396·10-2 mol,
nCO2 in isopropanol initial = 1.909·10-2 mol and nCO2 in isopropanol final = 1.810·10-2 mol.
The conversion of CO2 considering the number of moles of CO2 dissolved in
the isopropanol was 2.7 %. If the CO2 dissolved in the alcohol was not considered,
the conversion of CO2 would decrease to 2.2 %, which supposed an error of ca. 17 %
according to Equation F.3.
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F.3 Solubility of CO2 in mixtures of alcohol and water
In addition to methanol and isopropanol, mixtures of these alcohols with water
were also tested as solvents. However, in these cases, the solubility of CO2 in the solvent
was not considered for calculating the conversion of CO2, since it was not possible to
quantify the water/alcohol mole ratio at the end of the reaction. This ratio was essential
for the correct determination of the properties of the mixture. As calculated in Section F.1
and Section F.2, considering the CO2 dissolved in the solvent as negligible represented
an error ≤ 17 %.
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G Experimental error calculation
G.1 Experimental error in the addition of the internal standard
To determine whether to add the internal standard into the vial before the sample
or after it, the error made in both cases was calculated by measuring the area by GCMS
of 1 µL of 4-methyl-2-pentanol in 1.5 mL of distilled water. Four measurements were
performed for each case. The results are shown in table G.1. The error was calculating
according to Equation G.1:
E =
σ
µ
× 100 (G.1)
where E is the error, σ is the standard deviation calculated according to Equation G.2
and µ is the average (Equation G.3):
σ =
√√√√ 1
N
N∑
i=1
(xi − µ)2 (G.2)
where N is the number of measurements performed (N=4) and xi is each measurement
(i=1,2,3 and 4).
µ =
1
N
N∑
i=1
xi (G.3)
Table G.1: Areas of 1 µL of 4-methyl-2-pentanol added in 1.5 mL of distilled water measured by GCMS.
Internal standard first Internal standard second
4453699 3032249
4856619 3173072
4836309 2926572
4186509 2838100
µ 4583284 2992498
σ 279712.5 124872
E [%] 6.10 4.17
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G.2 Experimental error in the quantification of liquid products
This error was calculated by the replication of a model experiment three times. The
conditions of these reactions were: T = 300 ◦C, CO2:H2O mole ratio = 0.26, reaction time
= 4 h and 0.56 g of Fe powder catalyst. Products with low carbon numbers were analysed
using the method described in Table 5.2 and species with higher carbon content with the
method detailed in Table 5.1.
To calculate the experimental error, a target compound was selected in the group
of products with low carbon number and another substance for high carbon content.
The products selected were methanol and heptanal respectively, since methanol was the
most abundant product and heptanal was detected under most of the reaction conditions
investigated.
The error was calculated by the application of Equation G.1. The experimental
error was calculated by two different procedures: (i) based on the area of the target
product, for those reactions where internal standard was not used (Chapter 4), and (ii)
based on the ratio of the area of the target compound divided by the area of the internal
standard (IS). Table G.2 and Table G.3 show the results.
Table G.2: Experimental error in the quantification of liquid products with high carbon number.
Quantification based on the area of the target product.
Heptanal
Area replication 1 [a.u.] 70148
Area replication 2 [a.u.] 64386
Area replication 3 [a.u.] 81269
Error [%] 9.74
Table G.3: Experimental error in the quantification of liquid products with low and high carbon number.
Quantification based on the ratio of the area of the target product divided by the area of the IS.
Methanol Heptanal
Area/Area IS replication 1 0.2171 0.0454
Area/Area IS replication 2 0.2282 0.0488
Area/Area IS replication 3 0.1827 0.0485
Error [%] 9.27 3.16
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G.3 Experimental error in the calculation of the conversion of CO2
For the quantification of the error of CO2 conversion, Equation G.1 was also
applied. The gas phase was analysed according to Table 5.4. Table G.4 shows the
experimental error of CO2 conversion.
Table G.4: Experimental error in CO2 conversion.
CO2 conversion [%]
Replication 1 2.8
Replication 2 2.1
Replication 3 2.0
Error [%] 15.5
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H Analysis of the gas phase: ion fragmentation patterns
Analysis of the gas phase required the ion fragmentation pattern of CO2 and
all the potential products of the hydrothermal conversion of CO2 reaction. CO2, CO
and air fragmentation patterns were obtained experimentally. In the other cases, the
fragmentation patterns found in the MS library (MASsoft Professional Version 7) were
used for deconvolution.
H.1 Ion fragmentation patterns obtained experimentally
The ion fragmentation of CO2 (99.99 %, BOC), CO (research grade, BOC) and
air (21 % ± 0.5 % oxygen, balance nitrogen, BOC) was obtained experimentally for the
different methods employed to analyse the gas phase. The reactor shown in Figure 3.1
was loaded with 7 mL of H2O. Thereafter, the gas under analysis (CO2, CO or air) was
flushed twice to remove the air inside the reactor. Then, it was loaded again with the
target gas to analyse the fragmentation of the gas. CO was diluted in He to carry out the
fragmentation. The gas analysis was carried out at room temperature and it was repeated
three times. The error between the three experimental replications was calculated using
Equation G.1. The fragmentation pattern of CO2 for each experimental method, including
the relative abundance of each ion and the error, are shown from Table H.1 to Table H.4.
Air fragmentation is presented based on the fragmentation of its two main components:
O2 and N2. O2 fragmentation is shown from Table H.5 to Table H.7 and N2 from Table
H.8 to Table H.10. Table H.11 to Table H.13 present the CO fragmentation pattern.
Table H.1: CO2 fragmentation pattern according to
Table 4.2.
Ion Rel. abundance Error [%]
16 7.87 2.73
28 6.92 6.43
29 0.08 4.15
44 100 0
45 1.19 2.98
46 0.42 3.30
Table H.2: CO2 fragmentation pattern according to
Table 5.3.
Ion Rel. abundance Error [%]
16 7.90 1.25
28 6.75 4.64
29 0.13 14.52
44 100 0
45 1.61 2.91
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Table H.3: CO2 fragmentation pattern according to
Table 5.4.
Ion Rel. abundance Error [%]
12 5.77 3.60
16 7.91 0.85
22 2.42 3.61
28 6.70 3.45
29 0.07 6.42
44 100 0
45 1.57 1.95
46 0.41 0.97
Table H.4: CO2 fragmentation pattern using scan
method.
Ion Rel. abundance Error [%]
12 2.74 4.88
16 7.93 1.92
22 1.65 5.71
28 6.63 1.27
44 100 0
45 1.20 2.66
46 0.43 4.31
Table H.5: O2 fragmentation pattern according to
Table 4.2.
Ion Rel. abundance Error [%]
16 5.56 3.46
32 100 0
Table H.6: O2 fragmentation pattern according to
Table 5.4.
Ion Rel. abundance Error [%]
16 5.39 1.32
32 100 0
Table H.7: O2 fragmentation pattern using scan
method.
Ion Rel. abundance Error [%]
16 5.54 2.47
32 100 0
Table H.8: N2 fragmentation pattern according to
Table 4.2.
Ion Rel. abundance Error [%]
14 5.48 0.66
28 100 0
29 0.74 0.16
Table H.9: N2 fragmentation pattern according to
Table 5.4.
Ion Rel. abundance Error [%]
14 5.54 0.69
28 100 0
29 0.74 1.16
Table H.10: N2 fragmentation pattern using scan
method.
Ion Rel. abundance Error [%]
14 5.41 0.99
28 100 0
29 0.74 0.1
Table H.11: CO fragmentation pattern according to
Table 4.2.
Ion Rel. abundance Error [%]
14 0.99 0.95
16 0.42 0.09
28 100 0
29 1.08 0.48
30 0.20 2.15
Table H.12: CO fragmentation pattern according to
Table 5.3.
Ion Rel. abundance Error [%]
14 2.05 4.34
16 0.38 3.56
28 100 0
29 1.99 4.71
30 0.36 5.14
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Table H.13: CO fragmentation pattern according to Table 5.4.
Ion Rel. abundance Error [%]
12 3.47 0.28
14 1.07 1.55
16 0.41 1.64
28 100 0
29 1.08 0.22
30 0.33 0.95
H.2 Ion fragmentation patterns obtained from the MS library
The fragmentation patterns of the other potential products of the hydrothermal
conversion of CO2 used in the analysis of the gas phase were obtained from the
MS library. Only ions with relative abundances higher than 10 were considered in
gas analysis. Hence, only relative abundances higher than 10 are included in the
fragmentation patterns of these products gathered from Table H.14 to Table H.27.
Table H.14: Hydrogen fragmentation pattern.
Ion Rel. abundance
1 10
2 100
Table H.15: Water fragmentation pattern.
Ion Rel. abundance
17 23
18 100
Table H.16: Acetone fragmentation pattern.
Ion Rel. abundance
43 100
58 27.1
Table H.17: Acetaldehyde fragmentation pattern.
Ion Rel. abundance
29 100
43 26.7
44 45.7
Table H.18: Formaldehyde fragmentation pattern.
Ion Rel. abundance
28 24
29 100
30 58
Table H.19: Methane fragmentation pattern.
Ion Rel. abundance
14 15.6
15 85.8
16 100
Table H.20: Methanol fragmentation pattern.
Ion Rel. abundance
29 64.7
31 100
32 66.7
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Table H.21: Ethane fragmentation pattern.
Ion Rel. abundance
26 23
27 33.3
28 100
30 26.2
Table H.22: Ethylene fragmentation pattern.
Ion Rel. abundance
25 11.7
26 62.3
27 64.8
28 100
Table H.23: Isopropanol fragmentation pattern.
Ion Rel. abundance
27 15.7
29 10.1
43 16.6
45 100
Table H.24: Dimethyl ether fragmentation pattern.
Ion Rel. abundance
15 25
29 39
45 100
46 61
Table H.25: Acetic acid fragmentation pattern.
Ion Rel. abundance
29 15.6
42 14.5
43 100
45 93.6
60 57.7
Table H.26: Ethanol fragmentation pattern.
Ion Rel. abundance
27 23.9
29 23.4
31 100
45 34.4
46 16.5
Table H.27: Formic acid fragmentation pattern.
Ion Rel. abundance
17 17.1
28 17.2
29 100
44 10
45 47.6
46 60.9
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